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PRINTABLE INKS WITH
SILICON/GERMANIUM BASED
NANOPARTICLES WITH HIGH VISCOSITY
ALCOHOL SOLVENTS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to copending U.S. provi-
sional patent application 61/827.340 filed May 24, 2013 to
Li et al., entitled “Printable Inks With Silicon/Germanium
Based Nanoparticles With High Viscosity Alcohol Sol-
vents,” incorporated herein by reference.

FIELD OF THE INVENTION

The invention relates to silicon/germanium based nano-
particle inks with desirable formulations for printing. The
invention further relates to methods for forming and using
such ink. The inks can have a very low metal impurity level.

BACKGROUND OF THE INVENTION

Silicon-based materials are important commercial mate-
rials. In particular, elemental silicon is a widely used semi-
conductor material for electronic and solar cell applications.
The semiconducting properties and electron mobilities of
silicon can be altered using dopants. The formation of
semiconductor devices generally involves the formation of
regions of the device with selectively doped silicon in which
the dopants alter the electrical conduction properties or other
desired properties. Through the selected doping process
different domains of the device can be formed that provide
functionalities for particular device to exploit the semicon-
ductor properties, such as a diode junction formed with
separate materials with a p-type dopant and an n-type
dopant. For example, n-type dopants provide excess elec-
trons that can populate the conduction bands, and the
resulting materials are referred to as n-type semiconductors.
P-type dopants provide electron deficiencies or holes and are
used to form p-type semiconductors. Through appropriate
doping, a wide range of devices can be formed, such as
transistors, diodes and the like. Silicon oxides, silicon
nitrides and silicon oxynitrides can be used as dielectric
materials, and these materials can be particularly desirable
for use along with silicon semiconductors for their compat-
ibility and lack of metals that can migrate to a silicon
semiconductor.

In general, processing costs are a significant consideration
for commercial applications. It can be desirable to use
printing approaches for moderate resolution applications
since commercial printing equipment is available and pro-
cessing costs can be reasonable. Screen printing is a widely
used printing technique commercially. Screen printing is
generally performed with a paste with a range of acceptable
rheological properties consistent with the screen printer.
Other commercially compatible deposition approached
include, for example, inkjet printing, spin coating, spray
coating, knife edge coating and the like.

The wide ranges of semiconductor applications generate
commercial relevance for silicon materials in many forms.
For example, the formation of large area thin film transistors
or the like generates a demand for alternative semiconductor
processing approaches. Also, with increasing energy costs
and increasing demand for energy, the market for solar cells
has been correspondingly increasing. A majority of com-
mercial solar cells comprise photoconducting silicon semi-
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conductors, and differential doping of the semiconductor
facilitates harvesting of the photocurrent. Some solar cells
have patterning of silicon doping for the formation of doped
contacts along the horizontal plane of the device. Thin film
silicon solar cells can have dopant variation in a vertical
orientation relative to the plane of the device. With increas-
ing performance demands, there are pressures to keep costs
down so that improvements in material processing is very
desirable as an approach to address performance issues
while keeping costs at acceptable levels. Germanium is a
semiconducting material that can be an alternative to silicon
with similar semiconducting properties. Also, silicon and
germanium can form semiconducting alloys with each other.

SUMMARY OF THE INVENTION

In a first aspect, the invention pertains to a nanoparticle
ink comprising at least 0.001 weight percent silicon/germa-
nium based nanoparticles, at least about 10 weight percent
of a viscous polycyclic alcohol, wherein the viscous poly-
cyclic alcohol has a boiling point of no more than about 450°
C.

In a further aspect, the invention pertains to a nanoparticle
paste comprising from about 0.05 to about 10 weight percent
silicon/germanium based nanoparticles, having no more
than about 0.1 weight percent polymer, having a viscosity of
at least about 1 Pa-s at a shear of 2 s7' and non-Newtonian
rheology.

In additional aspects, the invention pertains to a method
of depositing silicon/germanium nanoparticles on a sub-
strate surface. In some embodiments, the method comprises
screen printing a paste comprising silicon/germanium based
nanoparticles and no more than about 1 weight percent
polymer, onto a surface of the substrate, and heating the
screen printed substrate to a temperature of no more than
about 450° C. in a substantially oxygen free atmosphere to
form a deposit, which in some embodiments may have no
more than a 5 atomic percent carbon. In some embodiments,
the method can further comprise heating the substrate with
the deposit to a temperature from about 750° C. to about
1200° C. to drive dopant into the substrate surface. The
deposit can be covered when heated, such as with a capping
layer. In additional or alternative embodiments, the method
can comprise irradiating a laser onto the substrate to strike
the deposit and drive dopant into the substrate surface.

In other aspects, the invention pertains to a coated sub-
strate comprising an elemental silicon/germanium nanopar-
ticle deposit on as surface of the substrate having no more
than about 5 atomic percent carbon and having a sheet
resistance of no more than about 200 ohms/sq.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a bottom perspective view of a back contact
photovoltaic cell.

FIG. 2 is a bottom view of the back contact photovoltaic
cell depicted in FIG. 1, showing only the semiconducting
layer with doped islands deposited thereon.

FIG. 3 is a plot of viscosity versus shear rate for a viscous
polycyclic alcohol.

FIG. 4 is a graph containing plots of viscosity versus shear
rate for two pastes comprising 5 weight percent and 15
weight percent silicon nanoparticles in propylene glycol and
for one paste comprising 15 weight percent silicon nano-
particles in terpineol.
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FIG. 5 is a plot of viscosity versus shear rate for a
nanoparticle paste comprising 66 weight percent viscous
polycyclic alcohol (VPA).

FIG. 6 is a plot of viscosity versus shear rate for a
nanoparticle paste comprising 83.1 weight percent VPA.

FIG. 7 is a composite of optical microscopy images of
lines having a target width of 200 pum (top panels) and 300
um (bottom panels) and a dot (middle panels) having a target
width of 200 um, screen printed with a nanoparticle pastes
comprising 50 wt % VPA (left panels) and 66.7 wt % VPA
(right panels).

FIG. 8 is a composite of SEM images of cross sections
(left column) and top views (right column) of coated wafers
comprising a cured nanoparticle paste layer formed from a
paste comprising VPA and cured at 250° C. (top row) and
540° C. (middle row) in nitrogen and from a paste compris-
ing ethyl cellulose (bottom row) cured at 540° C. in nitrogen.

FIG. 9 is a composite of SEM images of cross sections
(left column) and top views (right column) of a coated
wafers comprising a cured nanoparticle paste layer formed
from a paste comprising VPA (top row) and from an spin-
coating ink comprising IPA and solvent.

FIG. 10 is an optical image of an average 350 micron (um)
width line formed by screen printing a boron doped silicon
nanoparticle paste onto a silicon substrate with a 350 um
screen line opening.

FIG. 11 is an optical image of an average 200 um width
line formed by screen printing a boron doped silicon nano-
particle paste onto a silicon substrate with a 200 um screen
line opening.

FIG. 12 is an optical image of an average of 225 um width
line formed by screen printing a boron doped silicon nano-
particle paste onto a silicon substrate with a 200 um screen
line opening.

FIG. 13 is an optical image of an average of 198 um width
line formed by screen printing a boron doped silicon nano-
particle paste onto a silicon substrate with a 200 um screen
line opening.

FIG. 14 is an SEM cross sectional view of a silicon wafer
with a silicon nanoparticle line printed on the wafer with an
average thickness of 250 nm with the view showing a
thickness of 251 nm.

FIG. 15 is an SEM cross sectional view of a silicon wafer
of FIG. 14 with a silicon nanoparticle line printed on the
wafer with an average thickness of 250 nm with the view
showing a thickness of 549 nm.

FIG. 16 is an SEM cross sectional view of a silicon wafer
of FIG. 14 with a silicon nanoparticle line printed on the
wafer with an average thickness of 250 nm with the view
showing a thickness ranging from 103 nm to 178 nm.

FIG. 17 is an optical image of a silicon wafer having a 200
micron line of phosphorous doped silicon nanoparticles
printed to cross a 200 micron wide line of boron doped
silicon nanoparticles.

FIG. 18 is a graph containing plots of phosphorous
concentration as function of depth from a wafer surface after
performing dopant drive-in on nanoparticle paste coated
wafers cured at 250° C. and 540° C.

FIG. 19 is a composite of SEM images of cross sections
(left column) and top views (right column) of a nanoparticle
paste coated wafer taken after dopant drive-in on the cured,
coated wafers depicted in the top two rows of FIG. 8.

FIG. 20 is an SEM micrograph of a cross sectional view
of printed nanoparticle paste following annealing of the
nanoparticles with an amorphous silicon cap in which the
paste forming the initial printed line had 2.5 wt % boron
doped nanoparticles.
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FIG. 21 is a plot of SIMS data used to obtain the dopant
depth of the annealed doped line of FIG. 20 with relative
amounts of carbon and oxygen as a function of depth plotted
on the right axis.

FIG. 22 is an SEM micrograph of a cross sectional view
of printed nanoparticle paste following annealing of the
nanoparticles with an amorphous silicon cap in which the
paste forming the initial printed line had 5 wt % boron doped
nanoparticles.

FIG. 23 is a plot of SIMS data used to obtain the dopant
depth of the annealed doped line of FIG. 22 with relative
amounts of carbon and oxygen as a function of depth plotted
on the right axis.

FIG. 24 is an SEM micrograph of a cross sectional view
of printed nanoparticle paste following annealing of the
nanoparticles with an amorphous silicon cap in which the
paste forming the initial printed line had 2.5 wt % phos-
phorous doped nanoparticles.

FIG. 25 is an SEM micrograph of a cross sectional view
of printed nanoparticle paste following annealing of the
nanoparticles with an amorphous silicon cap in which the
paste forming the initial printed line had 5 wt % phospho-
rous doped nanoparticles.

FIG. 26 is a plot of SIMS data used to obtain the dopant
depth of the annealed doped line of FIG. 25 with relative
amounts of carbon and oxygen as a function of depth plotted
on the right axis.

DETAILED DESCRIPTION

Viscous silicon based nanoparticle ink compositions can
achieve desirable printing properties, e.g., non-Newtonian
rheology, through the inclusion of a viscous polycyclic
alcohol. The deposition of silicon based nanoparticles using
printable inks, e.g., pastes, can involve the engineering of
the inks to result in a desirable nanoparticle deposit. In some
embodiments, a very low metal contamination is desired,
and the use of certain viscous polycyclic alcohols can be
used to control ink properties without introduction of sig-
nificant metal contamination. Nanoparticle pastes for screen
printing are generally desired to be non-Newtonian fluids so
that the paste is stable in the printer and following printing,
but can be delivered through the application of shear through
the screen without significant clogging. Viscous polycyclic
alcohols can provide appropriate non-Newtonian fluid
behavior, with a suitably low boiling point so that the
viscous alcohols can be efficiently and effectively removed.
The new ink formulations provide for the formation of thin
and uniform nanoparticle deposits that can be consolidated
into a low sheet resistance material. Very good properties
can be obtained with dopant drive in and incorporation of the
fused nanoparticles as part of a doped contact region.

Silicon based materials for semiconductor and similar
applications may be processed to form a material with low
levels of carbon, so if the material is delivered with a carbon
based material, it can be desirable to remove the carbon
based composition during processing to leave low residual
carbon contamination. It has been found that viscous non-
Newtonian alcohols, such as polycyclic alcohols, can serve
this function and desirable inks can be formulated with little
or no polymers, which have been used to provide screen
printing pastes with desirable rheological properties. For
screen printing, silicon nanoparticle pastes can be formu-
lated without polymers that exhibit good printing character-
istics, low spread of the printed paste and little if any screen
clogging. Based on the new formulations for the inks, inks
can be formed that can be produced in a readily scalable
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fashion, with very low contamination with metals in the
parts per billion range and with convenient design of the
deposit characteristics. The viscous polycyclic alcohol based
inks are particularly desirable for semiconductor applica-
tions, such as printed circuits and solar cells.

The inks generally comprise selected quantities of silicon
based nanoparticles, for example, elemental silicon nano-
particles, silicon oxide nanoparticles, silicon nitride nano-
particles or combinations thereof. The nanoparticles may or
may not be doped. The nanoparticles can be amorphous,
crystalline or polycrystalline. In some embodiments, the
inks may be formulated essentially for the delivery of the
silicon based nanoparticles along a substrate surface, and
other components of the ink can be removed following
deposition to leave the nanoparticles as a deposit on the
surface. The nanoparticles generally have an average par-
ticle size of no more than about 100 nanometers (nm). In
general, the inks comprise from about 0.05 weight percent to
about 25 weight percent nanoparticles. Additional ink com-
ponents are generally selected to provide desired character-
istics of the inks to provide for printing, coating or other
delivery approaches.

The inks described herein incorporating viscous polycy-
clic alcohols provide desirable features with respect to ink
formation, ink design and properties, characteristics of the
nanoparticle deposits and processing of the nanoparticle
deposits for device formation. In terms of formulating the
inks, e.g., pastes, the viscous alcohols blend readily with
nanoparticle dispersions. For screen printing pastes, the
viscous alcohols provide for good ink rheology at low
nanoparticle concentrations if desired. In general, the rhe-
ology of the inks can be selected flexibly with the viscous
polycyclic alcohols so that ink properties can be adjusted
over desirable ranges. Pastes formed with the viscous alco-
hols can be dried to form dense nanoparticle deposits. Since
the viscous alcohols can be selected with modest boiling
points consistent with desirable rheological properties, the
alcohols can be removed effectively at relatively low tem-
peratures, e.g., no more than about 450° C. Thus, the viscous
alcohols can be effectively removed in an oxygen free
environment to leave deposits with low carbon contamina-
tion. The viscous alcohols can be provided with low metal
contamination so that the nanoparticle inks can be process-
ing into structures with both low metal contamination and
low carbon contamination. The viscous alcohols can provide
a convenient and efficient alternative to polymer additives to
control viscosity to form structures with very low metal
contamination and effective removal of organic components.

The nanoparticle inks of particular interest generally
comprises silicon/germanium-based nanoparticles, a sol-
vent, which can comprise a blend of solvent compounds, and
a viscous polycyclic alcohol, e.g. a non-Newtonian liquid,
which can be selected in an amount to adjust the paste
properties. Generally, the nanoparticles are selected based
on desired properties for the nanoparticle deposit and the
corresponding ink properties. Solvent refers to a liquid(s) in
the inks distinct from the viscous polycyclic alcohol, and the
solvents are generally Newtonian fluids. The viscous poly-
cyclic alcohol can be a liquid or solid at room temperature,
and solids at room temperature generally melt at tempera-
tures modestly above room temperature. Also, viscous poly-
cyclic alcohols are generally miscible in the solvent, so that
the blend is a liquid at room temperature even if the viscous
polycyclic alcohol is a solid at room temperature. The metal
contamination of the various components as well as the
processing of the inks are each important to achieve the
objectives of the ink with an extremely low metal contami-
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nation level. In general, the solvent properties can be
selected based on compatibility with the other ink compo-
nents, rheology properties of the ink, printing properties,
compatibility with printer components, and post printing
processing conditions and target properties. For example, in
some paste formulations, a lower boiling solvent is com-
bined with a higher boiling solvent so that the lower boiling
solvent can evaporate at least partially in the printing
process or thereafter to stabilize the printed paste and to limit
spreading of the printed paste.

The nanoparticles generally have an average diameter of
no more than about 100 nm and smaller average particle
sizes can be desirable as described further below. In some
embodiments, the nanoparticles can be highly uniform with
respect to size and/or composition, although blends of
nanoparticles can be desirable for some embodiments. Also,
the nanoparticles can be highly dispersible in an appropriate
solvent such that the nanoparticles can have a desirable
secondary particle size in the dispersion. Properly formed
nanoparticle dispersions can be incorporated into a paste or
other nanoparticle inks to obtain desirable paste uniformity
and printability.

Silicon/germanium refers herein, including the claims, to
elemental silicon, elemental germanium, alloys thereof or
mixtures thereof. Similarly, the use of silica or germania
nanoparticles are described in some embodiments, and
silica/germania refers herein, including the claims, to silica
(silicon oxide), germania (germanium oxide), combinations
thereof and mixtures thereof. The discussion of silica herein
generally can correspondingly apply to germania based on
the similarities of the compositions. In addition, silicon/
germanium nitrides and silicon/germanium oxynitrides cor-
respondingly refer to silicon nitrides, silicon oxynitrides,
germanium nitrides, germanium oxynitrides, combinations
thereof and mixtures thereof. While the discussion below
focuses on silicon based nanoparticles, the analogous pro-
cessing of and compositions with germanium and alloys of
silicon and germanium follows from the discussion based on
the similar chemistries of the elements. To simplify the
discussion, elemental germanium, germanium compounds
and alloys of germanium with silicon are generally not
explicitly discussed, and references to silicon based com-
pounds generally apply similarly to germanium based com-
pounds.

The silicon based nanoparticles can be synthesized by any
appropriate technique. For example, silicon oxide nanopar-
ticles can be synthesized by sol-gel processes, flame pyroly-
sis, and thermal pyrolysis. Also, elemental silicon nanopar-
ticles can be synthesized by plasma techniques such as
described in U.S. Pat. No. 7,718,707 to Kelman et al.,
entitled “Method for Preparing Nanoparticle Thin Films,”
incorporated herein by reference.

Laser pyrolysis is a desirable approach for the synthesis of
silicon based nanoparticles with a desired composition and
extremely low metal contamination. In particular, laser
pyrolysis can be useful for the synthesis of silicon based
nanoparticles with desired stoichiometry as well as a desired
doping including high doping levels. Laser pyrolysis uses an
intense light beam to drive a reaction that can be designed
to form highly uniform silicon based nanoparticles with
desirable characteristics. The particles are synthesized in a
flow that initiates at a reactant nozzle and ends at a collection
system. Dopant levels can be adjusted using dopant precur-
sors within the reactant stream. Particle sizes can be adjusted
by correspondingly adjusting the synthesis conditions dur-
ing laser pyrolysis. For the formation of high quality inks, it
is generally desirable to synthesize nanoparticles having an
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average primary particle size of no more than about 100 nm.
Laser pyrolysis can be used to form very uniform primary
particle sizes, optionally with a desired dopant level. The
uniform nanoparticles can be well dispersed in the inks at
relatively high concentrations, and the properties of the inks
can be controlled to be suitable for a selected deposition
process.

In the laser pyrolysis process, to obtain incorporation of
the dopant element into the product particles, the dopant
elements can be delivered into the reactant stream as a
suitable precursor composition along with the silicon pre-
cursor. In general, the reactant stream can comprise vapor
precursors and/or aerosol precursors, although for silicon
materials highly pure gaseous precursors can be desirable to
achieve high purity of the product particles. Laser pyrolysis
can be used to form doped silicon particles with a wide range
of selected dopants or combinations of dopants, and high
dopant levels can be achieved. The ability to achieve high
dopant levels make the corresponding inks particularly
desirable for applications where dopants are transferred to a
semiconducting material or for the formation of devices with
these high dopant levels. The high dopant levels can be
achieved while also having control of average particle sizes,
low impurity levels and while achieving dispersible particle
with good uniformity. For the doping of semiconductor
substrates, desirable dopants include, for example, B, P, Al,
Ga, As, Sb and combinations thereof. The general use of
laser pyrolysis for the formation of a range of materials is
described in published U.S. Pat. No. 7,384,680 to Bi et al.,
entitled “Nanoparticle-Based Power Coatings and Corre-
sponding Structures,” incorporated herein by reference.

The dispersions of the silicon based nanoparticles can be
formed at high concentrations, and the properties of the
dispersions can be engineered over desirable ranges based
on particular applications. The characteristics of the disper-
sion can be evaluated through an examination of secondary
particle properties, such as Z-average particle size and
particle size distribution, measured in the dispersion using
generally light scattering, which are measures of the size of
the dispersed particles in the liquid. In particular, good
dispersions can be characterized with respect to the second-
ary particle sizes and distributions. Also, it has been found
that rheology properties can provide further information on
the ink properties that do not seem to be reflected in the
secondary particle size measurements.

Also, silicon oxide nanoparticles can be stably dispersed
at relatively high concentrations. The silicon oxide nano-
particles can be optionally surface modified with a suitable
composition to facilitate dispersion. The dispersion of sili-
con oxide nanoparticles is described further in U.S. Pat. No.
7,892,872 to Hieslmair et al., entitled “Silicon/Germanium
Oxide Particle Inks, Inkjet Printing and Processes for Dop-
ing Semiconductor Substrates,” incorporated herein by ref-
erence. The dispersion of silicon nitride nanoparticles is
described in published PCT patent application WO
01/32799A to Reitz et al., entitled “Particle Dispersions,”
incorporated herein by reference.

An initial good dispersion can be formed with the silicon
based nanoparticles in an appropriate solvent to form the
good dispersion, and the solvent or solvent blend can be
manipulated to form an overall ink, i.e., a dispersion for-
mulated for a particular deposition process, with selected
properties while maintaining the good dispersion or stable
ink with the nanoparticles. Specifically, techniques have
been developed for versatile exchange of solvents or for-
mation of solvent blends such that a desirable solvent system
can be selected for a particular printing approach. Particle
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concentrations can be correspondingly adjusted to desired
values. With the ability to provide highly uniform silicon
based nanoparticles in high concentration dispersions with
selected solvents, inks can be formulated that can be printed
using desirable approaches.

To further remove contaminants in the formation of the
silicon based nanoparticle dispersions, centrifugation can be
used to remove contaminants from the dispersions with the
silicon based nanoparticles remaining disbursed in the liq-
uid. Thus, for example, in nanoparticle dispersions with
relatively high particle concentrations most metal concen-
trations can be reduced to levels of no more than about 20
parts per billion by weight (ppb) for inks with about 10
weight percent particle concentration, and total metal con-
tamination can be reduced to levels of no more than about
100 ppb by weight dispersion.

The engineering of a desired silicon ink can involve
several parameters. A starting point for ink formulations can
involve the formation of well dispersed silicon-based nano-
particles. Once the particles are well dispersed, the resulting
dispersion can be appropriately modified to form a selected
ink. Solvent can be removed by evaporation to increase the
particle concentration, and/or solvent or solvents can be
added to form a solvent blend or a lower concentration of the
particles in the dispersion. A good dispersion is character-
ized by the nanoparticles remaining suspended, with no
significant particle settling, for at least an hour without
application of additional mixing, although generally disper-
sions of interest are stable for extended period of time.

It has been found that appropriate characterization of
dispersions generally involves several properties to provide
sufficient information to evaluate the significant functional
characteristics of the inks. In particular, measurements of
dispersed secondary particle sizes do not correlate fully with
the printing properties once the quality of the ink has
achieved a relatively good level. But rheology measure-
ments can provide further information relating to the han-
dling of the inks in a deposition context. As is conventional
in the art, references to viscosity without explicit indication
of a shear rate imply that the viscosity measurements are at
a low shear limit, which can be effectively expressed as a
shear of 2 s7%. Also unless indicated otherwise, viscosity
measurements are made at room temperature, e.g., 20-25° C.
Thus, appropriate rheology measurements can be effectively
used to provide further significant characteristics of the inks
along with primary particles size measurements, secondary
particle size measurements, and compositions of the inks.

The design of a silicon based nanoparticle ink can balance
several objectives. The selected deposition technique can
provide boundaries on the parameters of the ink properties.
For some silicon ink formulations, the inks can have a
relatively large nanoparticle concentration, but lower con-
centrations can be desirable of a lower amount of nanopar-
ticle coverage from the deposition is desired. Also, the
quality of the resulting silicon nanoparticle deposit, such as
the uniformity, smoothness and the like, can also be depen-
dent on the subtle aspects of the ink characteristics. The
rheology of the ink can be tested to help to estimate the
quality of the ink with respect to resulting deposition. With
improved processing techniques and ink formulations
described herein, the inks can be formulated with high
silicon based particle concentrations and with desirable
rheological properties.

Suitable inks are described for coating deposition or
printing, which generally involves a patterning during depo-
sition. Suitable printing inks can be formulated for inkjet
printing, gravure printing and screen printing. Suitable coat-
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ing techniques include, for example, spin coatings, spray
coating, knife edge coating and the like. Other inks can be
similarly formulated based on this teaching. To obtain
desired thickness of deposited inks, a coating or printing
process can be repeated to form multiple layers of the ink
with a corresponding greater thickness.

The discussion herein focuses on the formation of inks
with viscous polycyclic alcohols added to adjust the ink
properties. In particular, highly pure inks, such as screen
printing pastes, can be formed with very low metal con-
tamination, in which the inks have appropriate amounts of
viscous alcohols to influence the rheology. In particular,
screen printing pastes are generally non-Newtonian fluids.
However, the techniques herein to provide extremely low
metal contaminations can be adapted for other types of inks
that may have lesser amounts of viscous polycyclic alcohols
suitable for the corresponding particular printing of coating
process.

The properties of an ink can be designed around the
Newtonian composition of the solvent, the viscous polycy-
clic alcohol, the nanoparticles, any additional composition
and their concentrations. In other words, while certain
features of an ink may be set by the particular application,
any remaining parameters can be adjusted to achieve a target
ink property. Generally, the desired ink properties are
selected to meet desired processing and functional targets.
For example, the rheology depends on the concentrations
and compositions of the various components of the ink, and
the rheology can be targeted within certain parameter ranges
to be compatible with a desired deposition approach, such as
spin coating, inkjet printing or screen printing. Furthermore,
the compositions generally are selected to exhibit desired
processing following deposition. In particular, the particle
properties, such as composition and average primary particle
size, are generally significant for the further processing to
form a desired structure.

The viscous polycyclic alcohol composition and concen-
trations are generally selected in particular to alter the
deposition properties of the ink. Specifically, the viscous
alcohol can be used to increase the ink viscosity without
necessarily correspondingly increasing the particle concen-
tration and in some embodiments to provide desirable non-
Newtonian behavior to the ink. The post deposition prop-
erties of the inks are generally also very significant. For
example, the viscous polycyclic alcohol compositions can
be selected to be eliminated upon heating through evapora-
tion/boiling.

The achievement of the low contaminant levels for silicon
based pastes and other inks described herein involves the
simultaneous combination of several significant consider-
ations. Generally, the formation of nanoparticle pastes with
the extremely low contamination levels described herein
involves the use of components to form the inks having
correspondingly low metal contamination levels. Specifi-
cally, to obtain an ink with the desired low metal contami-
nation, silicon-based nanoparticles can have extremely low
metal contamination, and solvents, as well as the viscous
polycyclic alcohols, can have extremely low metal contami-
nation. The synthesis and collection of nanoparticles with
low metal contamination has been achieved, and semicon-
ductor grade solvents can be used to form silicon-based inks
with extremely low metal contamination as described
herein. A viscous polycyclic alcohol can be provided with an
appropriate low metal contamination. Correspondingly, the
handling of the materials has been designed to also not
introduce metal contamination beyond acceptable amounts.
An important achievement described herein is obtaining

20

25

30

40

45

55

10

desired rheological properties while maintaining the low
metal contamination levels, generally with little or no poly-
mer. Based on the teachings herein such ink production can
be performed at reasonable costs such that the resulting inks
are suitable for commercial use for moderate cost applica-
tions.

Silicon nanoparticle inks can be deposited using a
selected method. In particular, the viscous polycyclic alco-
hols have been found to be particularly desirable for the
formation of silicon based nanoparticle paste that has excel-
lent screen printing properties. After printing, the inks can
provide elements useful to form components of semicon-
ductor devices or as a dopant source to be driven into an
underlying semiconductor material. In particular, silicon
inks can be used for forming components of solar cells or of
electronic devices, such as thin film transistors. In some
embodiments, the particles can be incorporated directly into
a component of an ultimate product.

In general, the ink properties are designed around the
delivery of a desired material and the ink properties that
provide for the printing by a selected approach and appro-
priate deposition characteristics consistent with the desired
printed material. Thus, the two major objectives are corre-
lated in the design of the ink. For example, the nanoparticle
concentration correlates with the thickness of the deposited
nanoparticles as well as the viscosity, and the rheological
properties of the ink generally correlate with the size and
edge sharpness achievable with the printed ink. The inks
described herein can have highly viscous alcohols that can
also have a low enough boiling point so that the alcohols can
be effectively removed during processing without pyrolyz-
ing the material. For these alcohols then, oxygen does not
have to be introduced into a processing chamber to remove
carbon since pyrolysis is not performed. Similarly, ultimate
carbon contamination can be low since the removal of the
alcohol can leave little or no residue. In general, the inks can
have no polymer or in some embodiments no more than
about 0.01 weight percent polymer or other non-volatile
organic compositions that do not boil off at temperatures of
no more than 450° C. in an oxygen free environment.

The resulting inks have been demonstrated to have good
printing properties by screen printing. The printed pastes can
be processed into annealed structures while providing for
appropriate dopant drive in into an underlying substrate. To
facilitate dopant drive in, a capping layer, such as amor-
phous silicon, can be deposited over the printed doped
structures. The annealed structures can exhibit desirably low
sheet resistances with either p-type or n-type dopants. The
annealed structures can be useful to form devices, such as
doped contacts for a solar cell in which the annealed
structures can be incorporated into the structure of the
device. Other devices can be similarly formed, such as
printed electronic devices.

Silicon Based Nanoparticles

The desirable silicon-based nanoparticle dispersions
described herein are based in part on the ability to form high
quality nanoparticles with or without dopants. As described
above, laser pyrolysis is a particularly suitable approach for
the synthesis of highly uniform silicon submicron particles
or nanoparticles. Also, laser pyrolysis is a versatile approach
for the introduction of desired dopants at a selected concen-
tration, such as high dopant concentrations. Also, the surface
properties of the nanoparticles can be influenced by the laser
pyrolysis process, although the surface properties can be
further manipulated after synthesis to form desired disper-
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sions. Small and uniform silicon-based particles can provide
processing advantages with respect to forming dispersions/
inks.

In some embodiments, the particles have an average
diameter of no more than about one micron, and in further
embodiments it is desirable to have particles with smaller
particle sizes to introduce desired properties. For example,
nanoparticles with a small enough average particle size are
observed to melt at lower temperatures than bulk material,
which can be advantageous in some contexts. Also, the small
particle sizes provide for the formation of inks with desir-
able properties, which can be particularly advantageous for
a range of coating and/or printing processes since small
uniform silicon-based particles can be advantageous for the
formation of inks with desirable rheological properties.
Generally, the dopants and the dopant concentration are
selected based on the desired properties of the subsequently
fused material or to provide a desired degree of dopant
migration to an adjacent substrate. The dopant concentra-
tions can influence the particle properties also.

In particular, laser pyrolysis is useful in the formation of
particles that are highly uniform in composition, crystallin-
ity, and size. A collection of submicron/nanoscale particles
may have an average diameter for the primary particles of no
more than about 500 nm, in some embodiments from about
2 nm to about 100 nm, alternatively from about 2 nm to
about 75 nm, in further embodiments from about 2 nm to
about 50 nm, in additional embodiments from about 2 nm to
about 40 nm, and in other embodiments from about 2 nm to
about 35 nm. A person of ordinary skill in the art will
recognize that other ranges within these specific ranges are
covered by the disclosure herein. In particular, for some
applications, smaller average particle diameters can be par-
ticularly desirable. Particle diameters and primary particle
diameters are evaluated by transmission electron micros-
copy. Primary particles are the small visible particulate units
visible in the micrograph without reference to the separa-
bility of the primary particles. If the particles are not
spherical, the diameter can be evaluated as averages of
length measurements along the principle axes of the particle.

As used herein, the term “particles” without qualification
refers to physical particles, which are unfused, so that any
fused primary particles are considered as an aggregate, i.e.
a physical particle. For particles formed by laser pyrolysis,
if quenching is applied, elemental silicon particles can have
a size roughly of the same order of magnitude as the primary
particles, i.e., the primary structural element within the
material. Thus, the ranges of average primary particle sizes
above can also be used with respect to the particle sizes to
the extent that fusing is negligible. If there is hard fusing of
some primary particles, these hard fused primary particles
form correspondingly larger physical particles, and some
noteworthy fusing is observed for very small elemental
silicon particles with an average primary particle size of less
than about 10 nm. The primary particles can have a roughly
spherical gross appearance, or they can have non-spherical
shapes. Upon closer examination, crystalline particles may
have facets corresponding to the underlying crystal lattice.
Amorphous particles generally have a spherical aspect.

Because of their small size, the particles tend to form
loose agglomerates due to van der Waals and other electro-
magnetic forces between nearby particles. Even though the
particles may form loose agglomerates, the nanometer scale
of' the particles is clearly observable in transmission electron
micrographs of the particles. The particles generally have a
surface area corresponding to particles on a nanometer scale
as observed in the micrographs. Furthermore, the particles
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can manifest unique properties due to their small size and
large surface area per weight of material. These loose
agglomerates can be dispersed in a liquid to a significant
degree and in some embodiments approximately completely
to form dispersed particles.

The particles can have a high degree of uniformity in size.
Laser pyrolysis generally results in particles having a very
narrow range of particle diameters. As determined from
examination of transmission electron micrographs, the pri-
mary particles generally have a distribution in sizes such that
at least about 95 percent, and in some embodiments 99
percent, of the particles have a diameter greater than about
35 percent of the average diameter and less than about 280
percent of the average diameter. In additional embodiments,
the particles generally have a distribution in sizes such that
at least about 95 percent, and in some embodiments 99
percent, of the primary particles have a diameter greater than
about 40 percent of the average diameter and less than about
250 percent of the average diameter. In further embodi-
ments, the primary particles have a distribution of diameters
such that at least about 95 percent, and in some embodi-
ments 99 percent, of the primary particles have a diameter
greater than about 60 percent of the average diameter and
less than about 200 percent of the average diameter. A
person of ordinary skill in the art will recognize that other
ranges of uniformity within these specific ranges are con-
templated and are within the present disclosure.

Furthermore, in some embodiments essentially no pri-
mary particles have an average diameter greater than about
5 times the average diameter, in other embodiments about 4
times the average diameter, in further embodiments 3 times
the average diameter, and in additional embodiments 2 times
the average diameter. In other words, the primary particle
size distribution effectively does not have a tail indicative of
a small number of particles with significantly larger sizes.
This is a result of the small reaction region to form the
inorganic particles and corresponding rapid quench of the
inorganic particles. An effective cut off in the tail of the size
distribution indicates that there are less than about 1 particle
in 10° has a diameter greater than a specified cut off value
above the average diameter. High primary particle unifor-
mity can be exploited in a variety of applications.

High quality particles can be produced that are substan-
tially unfused. However, for the production of very small
primary particle sizes, e.g., less than 10 nm average diam-
eter, at higher production rates, the primary silicon particles
can involve substantial fusing into a nanostructured mate-
rial. These particles can still be dispersed into a liquid to
produce desired ranges of secondary particle size. Even
though the particles with very small primary particle diam-
eters may have significant fusing, these particles may still be
desirable for applications in which the small primary particle
size and corresponding high surface areas can facilitate
dopant delivery and/or fusing of the deposited inks into
corresponding structures.

The silicon based nanoparticles can further be character-
ized by BET surface areas. The surface area measurements
are based on gas adsorption onto the particle surfaces. The
BET surface area evaluation cannot directly distinguish
small particle sizes from highly porous particles, but the
surface area measurements nevertheless provide useful char-
acterization of the particles. BET surface area measurements
are an established approach in the field, and for silicon
particles the BET surface area can be determined with an N,
gas absorbate. The BET surface area can be measured with
commercial instruments, such as a Micromeritics Tristar
3000™ instrument. The silicon based nanoparticles
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described herein can have BET surface areas ranging from
about 100 m*/g to about 1500 m*/g and in further embodi-
ments, from about 200 m*/g to about 1250 m*/g. A person
of ordinary skill in the art will recognize that additional
ranges within the explicit ranges above are contemplated
and are within the present disclosure. The particle diameters
can be estimated from the BET surface areas based on the
assumption that the particles are non-porous, non-agglom-
erated spheres.

X-ray diffraction can be use to evaluate the crystallinity of
the particles. Furthermore, crystalline nanoparticles pro-
duced by laser pyrolysis can have a high degree of crystal-
linity. For laser pyrolysis synthesis of crystalline silicon
particles, it is generally believed that the primary particles
correspond with a crystallite. However, x-ray diffraction can
also be used to evaluate the crystallite size. In particular, for
submicron particles, the diffraction peaks are broadened due
to truncation of the crystal lattice at the particle surface. The
degree of broadening of the x-ray diffraction peaks can be
used to evaluate an estimate of the average crystallite size.
While strain in the particles and instrument effects can also
contribute to broadening of the diffraction peaks, if the
particles are assumed to be essentially spherical, the Scher-
rer equation, which is well known in the art, can be used to
provide a lower limit on the average particle size. Mean-
ingful broadening is only observed for crystallite sizes less
than about 100 nm. If the particle sizes from TEM evaluation
of primary particle diameters, particle size estimates from
the BET surface areas and the particle sizes from the
Scherrer equation are roughly equal, this determination
provides significant evidence that the fusing of the particles
is not excessive and that the primary particles are effectively
single crystals. Amorphous or glass particles have very
broad x-ray diffraction spectra indicative of a lack of long
range order.

The silicon based particles can comprise elemental sili-
con, silicon oxides, silicon nitrides, silicon oxynitrides and
mixtures thereof. In general, silicon oxides can comprise
silicon dioxide (SiO,) or oxygen deficient silicon oxides,
e.g., 8i0,, 0<x<2. Silicon nitrides can be Si;N, or silicon
enriched silicon nitride, such as SiN,, 0<x<4/3. Silicon
oxynitrides can comprise SiN O,, x<4/3 and y<2 with
3x+2y=about 4. A collection of silicon-based nanoparticles
can comprise a blend of these silicon-based particles in
desired proportions.

The general use of laser pyrolysis for the formation of a
range of materials is described in published U.S. Pat. No.
7,384,680 to Bi et al., entitled “Nanoparticle-Based Power
Coatings and Corresponding Structures,” incorporated
herein by reference. The synthesis of uniform dispersible
silicon nanoparticles is described further in published U.S.
patent application 2008/0160265, now U.S. Pat. No. 8,632,
702, to Hieslmair et al., entitled “Silicon/Germanium Par-
ticle Inks, Doped Particles, Also, the synthesis of highly
dispersible, uniform silicon oxide nanoparticles by laser
pyrolysis with an optional dopant is described in U.S. Pat.
No. 7,892,872 to Hieslmair et al., entitled “Silicon/Germa-
nium Oxide Particle Inks, Inkjet Printing, and Processes for
Doping Semiconductor Substrates,” incorporated herein by
reference. The synthesis of silicon nitride (Si;N,) nanopar-
ticles by laser pyrolysis is described in published U.S. patent
application 2011/0135928 to Ravilisetty et al., entitled
“Metal Silicon Nitride or Metal Silicon Oxynitride Submi-
cron Phosphor Particles and Methods for Synthesizing
These Phosphors,” incorporated herein by reference. Silicon
oxynitride nanoparticles can be synthesized using laser
pyrolysis through the controlled introduction of a blend of
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ammonia (NH;) and an oxygen source, such as N,O or CO,,
as a secondary reactant with silane (SiH,) or other silicon
source based on the teachings in these references. Alterna-
tively, silicon oxynitride particles can be formed by the
partial reduction of silicon oxide nanoparticles with NH; or
the oxidation of silicon nitride nanoparticles with an oxi-
dizing agent, such as O, or Oj.

In addition, the submicron particles may have a very high
purity level. Silicon-based particles can be produced with
very low levels of metal impurities using laser pyrolysis
with appropriate particle handling procedures. Low metal
impurity levels are very desirable from the perspective of
semiconductor processing. The contaminant levels can be
evaluated by ICP-MS analysis (inductively coupled plasma-
mass spectrometry).

In some embodiments, the submicron silicon-based par-
ticles can be found to have no more than about 1 parts per
million by weight (ppm) of metal contaminants, in further
embodiments no more than about 900 parts per billion by
weight (ppb) and in additional embodiments no more than
about 700 ppb of total metal contaminants. For semicon-
ductor applications, iron can be a contaminant of particular
concern. With improved particle synthesis, handling and
contaminant removal procedures, particles can be dispersed
with no more than about 200 ppb of iron, in further embodi-
ments, no more than about 100 ppb and in additional
embodiments from about 15 ppb to about 75 ppb of iron
contaminants with respect to the particle weight. A person of
ordinary skill in the art will recognize that additional ranges
of contaminant levels within the explicit ranges above are
contemplated and are within the present disclosure. The low
contaminant levels allows for the production of particles
with low dopant levels of dopants, such as boron or phos-
phorous, in which the low dopant levels can be effective of
tuning the electronic properties of particles in a meaningful
way that cannot be achieved at higher contaminant levels.

To achieve the very low contaminant levels, the particles
can be synthesized in a laser pyrolysis apparatus sealed from
the ambient atmosphere and appropriately cleaned and
purged prior to the synthesis. Highly pure gaseous reactants
can be used for the silicon precursors as well as for the
dopant precursors. Similarly, pure oxygen or ammonia can
be introduced as secondary reactants to form silicon oxides
or silicon nitrides respectively. The particles can be collected
and handled in a glove box to keep the particles free from
contaminants from the ambient atmosphere. Very clean
polymer containers, such as polyfluoroethylene containers,
can be used for placement of the particles. For the formation
of inks, the particles can be dispersed in very pure solvents
within clean vessels within a glove box or clean room. With
meticulous attention to all aspects of the process, the high
purity levels described herein have been and generally can
be achieved. The production of silicon particles with clean
handling procedures is described further in published U.S.
patent application number 2011/0318905 to Chiruvolu et al.
(the 905 application), entitled “Silicon/Germanium Nano-
particle Inks, Laser Pyrolysis Reactors for the Synthesis of
Nanoparticles and Associated Methods,” incorporated
herein by reference.

The size of the dispersed particles in a liquid can be
referred to as the secondary particle size. The primary
particle size is roughly the lower limit of the secondary
particle size for a particular collection of particles, so that
the average secondary particle size can be approximately the
average primary particle size if the primary particles are
substantially unfused and if the particles are effectively
completely dispersed in the liquid, which involves solvation
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forces that successfully overcome the inter-particle forces.
The secondary particle size may depend on the subsequent
processing of the particles following their initial formation
and the composition and structure of the particles. In par-
ticular, the particle surface chemistry, properties of the
dispersant, the application of disruptive forces, such as shear
or sonic forces, and the like can influence the efficiency of
fully dispersing the particles. The secondary particle size of
the dispersed nanoparticles is described further below.

Dopants can be introduced to vary properties of the
resulting particles and/or to provide a dopant source sup-
plied by the nanoparticles for migration into adjacent
elemental silicon as well as other silicon based materials. In
general, any reasonable element can be introduced as a
dopant to achieve desired properties. For example, dopants
can be introduced to change the electrical properties of the
particles, especially silicon. In particular, As, Sb and/or P
dopants can be introduced into the elemental silicon par-
ticles to form n-type semiconducting materials in which the
dopant provide excess electrons to populate the conduction
bands, and B, Al, Ga and/or In can be introduced to form
p-type semiconducting materials in which the dopants sup-
ply holes. In silicon oxides, silicon nitrides and silicon
oxynitrides, the dopant elements can be a dopant source for
transfer to an adjacent material, such as a silicon wafer. P
and B can be provided with respective suitable precursor
compounds, such as diborane (B,H,) or phosphine (PH;),
which can be provided in very pure gas forms.

In some embodiments, one or more dopants can be
introduced into the silicon-based particles, e.g. elemental
silicon particles, silica particles, silicon nitride particles
and/or silicon oxynitride particles, in concentrations from
about 1.0x1077 to about 15 atomic percent relative to the
silicon atoms, in further embodiments from about 1.0x107>
to about 5.0 atomic percent and in further embodiments from
about 1x10™* to about 3.0 atomic percent relative to the
silicon atoms. Both the low dopant levels and the high
dopant levels are of interest in appropriate contexts. For the
low dopant levels to be of particular usefulness, the particles
should be pure with respect to low contamination levels. For
small particles, the low dopant levels essentially can corre-
spond with less than one dopant atom per particle on
average. In combination with the high purity that has been
achieved for the particles, low dopant levels from about
1.0x1077 to about 5.0x107> correspond with potentially
useful materials. In some embodiments, high dopant levels
are of particular interest, and the highly doped particles can
have a dopant concentration from about 0.1 atomic percent
to about 15 atomic percent, in other embodiments from
about 0.25 atomic percent to about 12 atomic percent, and in
further embodiments from about 0.5 atomic percent to about
10 atomic percent. A person of ordinary skill in the art will
recognize that additional ranges within the explicit dopant
level ranges are contemplated and are within the present
disclosure.

Ink Compositions and Properties

Desirable silicon based nanoparticle inks are formed by
processing initial stable dispersions of nanoparticles to
adjust the properties to be appropriate for a selected depo-
sition approach. It has been found that viscous polycyclic
alcohols can be conveniently used to adjust rheological
properties of the nanoparticle inks. Thus, dispersions of
particular interest comprise a dispersing liquid or solvent
and silicon based nanoparticles dispersed within the liquid,
which can comprise a viscous polycyclic alcohol. Through
the use of a viscous polycyclic alcohol, good printing
properties can be obtained, for example, for screen printing
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pastes, without necessarily using a polymer to adjust the ink
properties. The use of the viscous polycyclic alcohols in
place of a polymer can result in processing advantages and
desirable produce properties in some embodiments. In
appropriate embodiments, silicon based nanoparticles from
laser pyrolysis are collected as a powder, and dispersed in a
solvent or solvent blend by mixing, although suitable silicon
nanoparticles from other sources can be used if of sufficient
purity. The dispersion can be stable with respect to avoid-
ance of settling over a reasonable period of time, generally
at least an hour or longer, without further mixing. A disper-
sion can be used as an ink, and the properties of the ink can
be adjusted based on the particular deposition method. For
example, in some embodiments, the viscosity of the ink is
adjusted for the use in a particular coating or printing
application, and particle concentrations and additives can
provide some additional parameters to adjust the viscosity
and other ink properties.

Screen printing pastes with non-Newtonian rheology are
of particular interest, but other inks that incorporate a
viscous polycyclic alcohol to adjust the ink properties are
also of interest. In some embodiments, the particles can be
formed into concentrated dispersions with desirable fluid
properties without surface modifying the particles with
organic compounds. As used herein, the lack of surface
modification with organic compounds excludes references
to solvent-based interactions. In general, the solvents may
interact with the particle surfaces with varying degrees of
interactions that are distinct from the inclusion of distinct
surface modifying agents that form strong and effectively
durable chemical modification of the particle surfaces. The
availability to form stable dispersions with small secondary
particle sizes provides the ability to form certain inks that are
not otherwise possible.

Furthermore, it can be desirable for the silicon based
nanoparticles to be uniform with respect to particle size and
other properties. The formation of a good dispersion with a
small secondary particle size can be facilitated through the
matching of the surface chemistry of the particles with the
properties of the dispersing liquid. The surface chemistry of
particles can be influenced during synthesis of the particles
as well as following collection of the particles.

Suitable approaches have been found to disperse dry
silicon based nanoparticle powders and to form high quality
silicon based inks and the like for deposition. In some
embodiments, the particle can be surface modified with an
organic compound to change the surface properties of the
particles in a dispersion, but in further embodiments, the
particles are not covalently surface modified with an organic
compound since the lack of surface modification can provide
advantages with respect to properties for certain applications
and potentially to processing simplification. Thus, for some
embodiments, significant advantages are obtained by form-
ing dispersions of particles without surface modification.
Using one or more of the processing approaches described
herein, inks can be formed that can be deposited using
convenient coating and printing approaches based on estab-
lished commercial parameters. Thus, the advantages of
vapor-based particle synthesis can be combined with desir-
able solution based processing approaches with highly dis-
persed particles to obtain desirable dispersions and inks,
which can be formed with doped particles. Suitable particle
size analyzers include, for example, a Microtrac UPA instru-
ment from Honeywell based on dynamic light scattering, a
Horiba Particle Size Analyzer from Horiba, Japan and
ZetaSizer Series of instruments from Malvern based on
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Photon Correlation Spectroscopy. The principles of dynamic
light scattering for particle size measurements in liquids are
well established.

With respect to silicon based nanoparticle dispersions, the
dispersions can have nanoparticle concentrations from low
concentrations to about 30 weight percent. In general, the
secondary particles size can be expressed as a cumulant
mean, or Z-average particle size, as measured with dynamic
light scattering (DLS). Measurements of secondary particle
size are more accurate in dilute samples, so to evaluate
higher concentrations, the dispersions can be diluted after a
good dispersion is formed at the higher concentration to
perform the secondary particle size measurements. The
Z-average particle size is based on a scattering intensity
weighted distribution as a function of particle size. The
scattering intensity is a function of the particle size to the 6th
power so that larger particles scatter much more intensely.
Evaluation of this distribution is prescribed in ISO Interna-
tional Standard 13321, Methods for Determination of Par-
ticle Size Distribution Part 8: Photon Correlation Spectros-
copy, 1996, incorporated herein by reference. However,
small particles scatter light with less intensity relative to
their volume contribution to the dispersion. The intensity
weighted distribution can be converted to a volume-
weighted distribution, if desired. For nanoscale particles, the
volume-based distribution can be evaluated from the inten-
sity distribution using Mie Theory. The volume-average
particle size can be evaluated from the volume-based par-
ticle size distribution. Further description of the manipula-
tion of the secondary particle size distributions can be found
in Malvern Instruments-DLS Technical Note MRK656-01,
incorporated herein by reference. As a general matter, due to
the scaling of volume average particle sizes by the cube of
the particle diameter and the scattering intensity average
(Z-average) by the sixth power of the average particle size,
these measurements can significantly provide emphasis to
larger particles over smaller particles.

In some embodiments, the Z-average particle size is no
more than about 1 micron, in further embodiments no more
than about 250 nm, in additional embodiments no more than
about 200 nm, in some embodiments from about 40 nm to
about 150 nm, in other embodiments from about 45 nm to
about 125 nm, in further embodiments from about 50 nm to
about 100 nm. In particular, for some printing applications,
it is observed that good printing properties are generally
correlated with Z-average particle sizes of no more than
about 200 nm. For primary particles that exhibit some
fusing, the absolute value of the Z-average dispersed particle
size is still very significant for the processing properties of
the silicon based nanoparticle distributions. A person of
ordinary skill in the art will recognize that additional ranges
of secondary particle sizes within the explicit ranges above
are contemplated and are within the present disclosure.

With respect to the particle size distribution, in some
embodiment, essentially all of the secondary particles can
have a size distribution from scattering results with effec-
tively no intensity corresponding to more than 5 times the
Z-average secondary particle size, in further embodiments
no more than about 4 times the Z-average particle size and
in other embodiments no more than about 3 times the
Z-average particle size. Furthermore, the DLS light scatter-
ing particle size distribution can have in some embodiments
a full width at half-height of no more than about 50 percent
of the Z-average particle size. Also, the secondary particles
can have a distribution in sizes such that at least about 95
percent of the particles have a diameter greater than about 40
percent of the Z-average particle size and less than about 250
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percent of the Z-average particle size. In further embodi-
ments, the secondary particles can have a distribution of
particle sizes such that at least about 95 percent of the
particles have a particle size greater than about 60 percent of
the Z-average particle size and less than about 200 percent
of the Z-average particle size. A person of ordinary skill in
the art will recognize that additional ranges of particle sizes
and distributions within the explicit ranges above are con-
templated and are within the present disclosure.

Furthermore, it has been discovered that measurements of
dispersion or ink properties, such as through light scattering
measurements, of the static dispersion alone does not seem
to provide adequate characterization of printing character-
istics of the inks. Specifically, rheological measurements
also provide significant information related to the deposition
characteristics of the inks which can correspond to print
quality. Rheology relates to the flow properties of a liquid.
Thus, in principle, the rheological measurements provide
additional information that is not obtained from the light
scattering measurements of a static particle dispersion.

Rheological measurements include measurements of vis-
cosity. Viscosity is a measure of a fluid’s resistance to shear
stress. In general, the rate at which a fluid deforms (i.e. sheer
rate) in response to an applied force (i.e. shear stress)
determines the viscosity of the fluid being studied. For
Newtonian fluids, the viscosity is constant such that the
shear rate scales with the shear stress. For non-Newtonian
fluids, the viscosity varies non-linearly with the shear stress,
e.g., shear thinning, a decrease in viscosity with increasing
shear. An ink’s viscosity can be measured using a rheometer.
In some embodiments of a rheometer, the liquid to be
studied is placed in the annulus between a drive cylinder and
a free cylinder. A shear stress is then applied to the ink by
rotating the drive cylinder. The moving ink in the annulus,
in response to the applied shear stress, causes the free
cylinder to begin rotating. The shear rate and, therefore the
viscosity of the fluid, can then be calculated from the
rotational frequency of the free cylinder. Furthermore,
because the applied shear stress can be adjusted by adjusting
the rotational frequency of the drive cylinder, a rheometer
can be used to obtain the viscosity of fluids over a wide
range of shear stresses. Rheometers are widely available
from commercial sources such as Brookfield Engineering
Laboratories, Inc. (Middleboro, Mass.).

In general, the surface chemistry of the particles influ-
ences the process of forming the dispersion. In particular, it
is easier to disperse the particles to form smaller secondary
particle sizes if the dispersing liquid and the particle surfaces
are compatible chemically, although other parameters such
as density, particle surface charge, solvent molecular struc-
ture and the like also directly influence dispersability. In
some embodiments, the liquid may be selected to be appro-
priate for the particular use of the dispersion, such as for a
printing process. For silicon synthesized using silanes, the
resulting silicon generally is partially hydrogenated, i.e., the
silicon includes some small amount of hydrogen in the
material. It is generally unclear if this hydrogen or a portion
of the hydrogen is at the surface as Si—H bonds. However,
the presence of a small amount of hydrogen does not
presently seem particularly significant. In some embodi-
ments, elemental silicon nanoparticles can become surface
oxidized, for example through exposure to air. For these
embodiments, the surface can have bridging oxygen atoms
in Si—O—Si structures or Si—O—H groups if hydrogen is
available during the oxidation process. By preventing expo-
sure to the ambient atmosphere, surface oxidation of the
particles can be substantially reduced, e.g., to no more than
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about 2 weight percent in the particles. Even without sig-
nificant oxidation, it is found that elemental silicon nano-
particles formed by laser pyrolysis are suitable for forming
good dispersions in appropriately selected solvents without
modifying the particles with chemically bonded organic
compounds.

In some embodiments, the surface properties of the par-
ticles can be modified through surface modification of the
particles with a surface modifying composition chemically
bonded to the particle surfaces. However, in some embodi-
ments of particular interest, the particles are not surface
modified so that unmodified particles are deposited for
further processing. In appropriate embodiments, surface
modification of the particles can influence the dispersion
properties of the particles as well as the solvents that are
suitable for dispersing the particles. Some surface active
agents, such as many surfactants, act through non-bonding
interactions with the particle surfaces, and these processing
agents are described further below. In some embodiments,
desirable properties, especially dispersability in otherwise
unavailable solvents, can be obtained through the use of
surface modification agents that chemically bond to the
particle surface. The surface chemistry of the particles
influences the selection of surface modification agents. The
use of surface modifying agents to alter the silicon particle
surface properties is described further in published U.S.
patent application 2008/0160265, now U.S. Pat. No. 8,632,
702, to Hieslmair et al., entitled “Silicon/Germanium Par-
ticle Inks, Doped Particles, Printing, and Processes for
Semiconductor Applications,” incorporated herein by refer-
ence. Any composition for performing surface modification
should be provided with appropriately low metal contami-
nation to avoid any undesirable incorporation of metal
contaminants into the ink.

While surface modified particles can be designed for use
with particular solvents, it has been found that desirable inks
can be formed with appropriate solvent selection and pro-
cessing without surface modification at high particle con-
centrations and with good deliverability at least in some
circumstances. The ability to form desired inks without
surface modification can be useful for the formation of
desired devices, especially semiconductor based devices,
with a lower level of contamination.

The dispersions can be formulated for a selected appli-
cation. The dispersions can be characterized with respect to
composition as well as the characterization of the particles
within the dispersions. In general, the term ink is used to
describe a dispersion that is subsequently deposited using a
coating or printing technique, and an ink may or may not
include additional additives to modify the ink properties.

As used herein, stable dispersions have no settling with-
out continuing mixing after one hour. In some embodiments,
the dispersions exhibit no settling of particles without addi-
tional mixing after one day and in further embodiments after
one week, and in additional embodiments after one month.
In general, dispersions with well dispersed particles can be
formed at concentrations of at least up to 30 weight percent
inorganic particles. Generally, for some embodiments it is
desirable to have dispersions with a particle concentration of
at least about 0.05 weight percent, in other embodiments at
least about 0.25 weight percent, in additional embodiments
from about 0.2 weight percent to about 25 weight percent
and in further embodiments from about 0.25 weight percent
to about 15 weight percent. A person of ordinary skill in the
art will recognize that additional ranges of stability times
and concentrations within the explicit ranges above are
contemplated and are within the present disclosure. Using
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the viscous polycyclic alcohols described herein, high vis-
cosity and non-Newtonian nanoparticle pastes with good
printing properties can be formulated with low nanoparticle
concentrations, which provide for forming thin nanoparticle
deposits.

The dispersions can include additional compositions
besides the silicon based particles and the dispersing liquid
or liquid blend to modify the properties of the dispersion to
facilitate the particular application. Surprisingly, rheological
properties can be effectively and conveniently adjusted
using the viscous polycyclic alcohols described herein, in
some embodiments without added polymer. In some
embodiments, the inks comprise no more than about 5
weight percent polymers, in further embodiments no more
than about 2 weight percent polymer, in other embodiments
no more than about 1 weight percent polymer and in
additional embodiments no more than 0.1 weight percent
polymer. In particular, for screen printing pastes and other
inks, the inks can have very good printing qualities without
added polymer. Also, other property modifiers can be added
to the dispersion to facilitate the deposition process or to
influence the ink properties. The inks can be formulated to
achieve extremely low metal contamination levels. Using
well dispersed ink compositions with appropriately selected
rheological properties, screen printing inks with viscous
polycyclic alcohols can be formulated to inhibit screen
clogging during multiple print cycles.

Viscous polycyclic alcohols can improve printing perfor-
mance of the corresponding ink and can also provide desir-
able post-printing processing improvements. The viscous
polycyclic alcohols can be obtained with very low metal
contaminant levels. Blends of different viscous polycyclic
alcohols can also be used in ink formulations to obtain
desired properties. With respect to printing performance, the
concept can be bifurcated into two concepts: (1) the perfor-
mance of the ink relative to the printing apparatus (e.g.
screen printer) and (2) the performance of the ink as a print
element (e.g. a printed line, pattern, structure or the like) on
a substrate. For printing apparatuses where the ink is trans-
ferred to a substrate with application of shear force, such as
screen printing, it can be desirable to have a paste that has
relatively high viscosity at lower shear rates (e.g. absolute
viscosity) and relatively low viscosity at higher sheer rates.
For example, with respect to screen printing, as the paste sits
on the screen, prior to printing, high viscosities can help
prevent the paste from dripping through the print screen
prior to the application of shear force to print the ink through
the screen. During printing, when a shear force is applied to
the paste to force it through the screen, it can be desirable for
the paste to have a lower viscosity to increase the amount of
paste that is printed through the screen. The printed structure
can also benefit from a paste that has desirably high static
viscosity. In particular, higher low shear limit viscosities can
help prevent spreading of the printed element after printing
and can also help improve the definition of the printed
element.

In general, the viscous polycyclic alcohols generally have
at least one bridging ring, and in some embodiments the
polycyclic alcohols have three or more rings with one
bridging ring. The bridged ring structure can comprise a
norboryl group structure, in which the norbornyl group
involves a structure of norborane or bicyclo(2,2,1)heptane
with a cyclohexane ring with a bridging methylene group at
the 1, 4 positions of the cyclohexane. Vinylnorbornyl alco-
hol or 5- or 6-vinyl-2-hydrocymethylbicyclo[2.2.1]heptane
is a viscous oily alcohol described in U.S. Pat. No. 4,693,844
to Inoue et al., entitled “Vinylnorbornyl Alcohol and Per-
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fume Composition Containing the Same,” incorporated
herein by reference. C-8 substituted bridging rings are
described in U.S. Pat. No. 4,582,945 to Brunke et al.,
entitled “C-8-Substituted 1,5-dimethyl-bicyclo[3,2,1]0c-
tane-8-ols,” incorporated herein by reference. The ’945
patent specifically described C-8 substitutions with R—,
where R can be ethyl, methyl, n-propyl, i-propyl, n-butyl,
1-methyl-propyl, 2-methyl-propyl, allyl, n-hexyl, 3-methyl-
butyl, cyclopentyl, or cyclohexyl, in which the product
compositions are described as oils or solids with melting
points slightly above room temperature.

A group of compounds of interest comprise a norbornyl
bridging ring group with a third ring bonded to one carbon
of the cyclohexane ring or the norbornyl group. In some
embodiments, the compounds are unsaturated, i.e., do not
include double bonded carbon-carbon bonds. Various cyclo-
hexane alcohols or diols bonded to a substituted bicyclo-
hexane with a bridging methyl group (isobornyl cyclo-
hexane diol and norbornyl cyclohexane diol substituted with
two methyl groups at the 2 position and one methyl group at
the 3 position of the norbornyl cyclohexyl ring) is described
in U.S. Pat. No. 4,061,686 to Hall et al. (the *686 patent),
entitled “Cyclohexane Diol Composition,” incorporated
herein by reference. The *686 patent further describes some
mono-alcohol compounds with isobornyl or isocamphanyl
(e.g., trimethyl-2,2,3-norbornyl-5-)-3-cyclohexanol-1)
groups associated with cyclohexanol in which the —OH
group is adjacent the carbon bonded to the bridged ring, two
carbons away or three carbons away and also references
mono-alcohol compounds similar to the diols in Swiss
patent 423 058 to Demole and U.S. Pat. No. 3,499,937 to
Dorsky et al. The viscous polycyclic alcohols in the *668
patent have similarities to isobornyl cyclohexanol, i.e., 3-(5,
5,6  trimethyl  bicyclo[2.2.1]heptan-2-yl)cyclohexanol
(isobornyl cyclohexanol), which is commercially available
as are other similar viscous polycyclic alcohols. A viscous
polycyclic alcohol, 11-hydroxy-2,13,13-trimethyl-tricyclo
[6.4.0.1*"]tridecane, is described as a viscous oil in U.S.
Pat. No. 3,499,937 to Dorsky et al., entitled “Polycyclic
Alcohol, Compositions Containing Same and Process
Therefor,” incorporated herein by reference. Various viscous
polycyclic alcohols formed as a condensation product of
cyclohexanol and 2-ethylidene-5-norbornene are described
in U.S. Pat. No. 4,604,488 to Fujikura et al., entitled
“Cyclohexanol Derivatives and Fragrance Compositions
Containing the Same,” incorporated herein by reference.
The alcohols described in the 488 patent involve a cyclo-
hexanol ring bonded to a 2-ethylnorboryl ring structure at
various positions, and the precise orientations of the func-
tional groups were not completely identified.

The viscous polycyclic alcohols described herein can
advantageously be incorporated into ink formulations to
provide for ultimate inks with desirably non-Newtonian
viscosities. In some embodiments, the viscous polycyclic
alcohols can have non-Newtonian rheology themselves. The
viscous polycyclic alcohols can have a viscosity at a shear
rate of 2 s~ of at least about 1 Pa's; in other embodiments,
of at least about 5 Pa-s and in other embodiments of at least
about 10 Pas. In some embodiments, the viscous polycyclic
alcohols can have a viscosity at a shear rate of 1000 s* of
no more than about 90% of the viscosity at 2 s7*, in other
embodiments no more than about 87% and in further
embodiments no more than about 85% of the viscosity at a
shear of 2 s™'. A person of ordinary skill in the art will
recognized additional ranges of viscosities within the explic-
itly recited ranges are contemplated and within the present
disclosure.
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With respect to post-printing processing improvements,
the printed inks, e.g. screen printing paste, can be processed
to remove the viscous polycyclic alcohol component at
conditions that can result in printed elements having rela-
tively low carbon concentrations without the introduction of
oxygen due to reasonable boiling points. Relatively low
carbon concentrations can be desirable in certain application
settings, for example, in silicon based materials in semicon-
ductor applications. The viscous polycyclic alcohols
described herein can have desirably low boiling points so
that they can be substantially removed from printed ele-
ments at relatively low temperatures that avoid pyrolysis or
decomposition of the alcohol. In some embodiments, the
viscous polycyclic alcohols can have a boiling point of no
more than about 450° C., in further embodiments no more
than about 400° C. and in other embodiments no more than
about 350° C. A person of ordinary skill in the art will
recognize that additional ranges of boiling points within the
explicit ranges above are contemplated and are within the
present disclosure.

In general, the one or more viscous polycyclic alcohols
can be selected to be compatible with the solvent system
selected to stabilize the silicon nanoparticle dispersion,
while providing desirable rheological properties. In some
embodiments, the ink can have a concentration of viscous
polycyclic alcohol from about 0.1 weight percent to about 80
weight percent, in other embodiments from about 0.5 weight
percent to about 65 weight percent and in further embodi-
ments from about 1 weight percent to about 50 weight
percent. For the formation of pastes with non-Newtonian
rheology, viscous polycyclic alcohol concentrations in the
ink are generally from about 2 weight percent to about 75
weight percent, in further embodiments from about 5 weight
percent to about 70 weight percent and in additional embodi-
ments from about 7 weight percent to about 65 weight
percent. For the formation of a Newtonian ink for suitable
deposition, the viscous polycyclic alcohol concentrations
can be from about 0.1 weight percent to about 20 weight
percent, in further embodiments from about 0.25 weight
percent to about 15 weight percent and in other embodi-
ments from about 0.05 weight percent to about 12 weight
percent. A person of ordinary skill in the art will recognize
that additional ranges of polymer additive concentrations
within the explicit ranges above are contemplated and are
within the present disclosure.

Other potential additives include, for example, pH adjust-
ing agents, antioxidants, UV absorbers, antiseptic agents and
the like. These additional additives are generally present in
amounts of no more than about 2 weight percent. A person
of ordinary skill in the art will recognize that additional
ranges of surfactant and additive concentrations within the
explicit ranges herein are contemplated and are within the
present disclosure.

For electronic applications, it can be desirable to remove
organic components to the ink prior to or during certain
processing steps such that the product materials are effec-
tively free from carbon. The viscous polycyclic alcohols can
be selected to have boiling points, for example, no more than
about 450° C., in some embodiments no more than about
400° C. and in further embodiments from about 200° C. to
about 350° C. A person of ordinary skill in the art will
recognize that additional ranges of boiling points within the
explicit ranges above are contemplated and are within the
present disclosure. Based on these moderate boiling points,
the viscous polycyclic alcohols can be evaporated following
printing at appropriate temperatures to completely or sub-
stantially completely removed the alcohols without any
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combustion or pyrolysis of the alcohols. Thus, processing to
remove the alcohols can be done at relatively low tempera-
tures, and carbon contamination can be low. Furthermore,
the material does not need to be subjected to an oxygen
environment to facilitate removal of the carbon. Thus, the
use of the viscous polycyclic alcohols can provide for
desirable rheology control with desirable processing
approaches.

The viscosity of the dispersion/ink is dependent on the
silicon based nanoparticle concentration, the viscous poly-
cyclic alcohol concentration, the nature of the other liquids
as well as the presence of any other additives. Thus, there are
several parameters that provide for adjustment of the vis-
cosity, and these parameters can be adjusted together to
obtain overall desired ink properties. In general, a selected
coating or printing approach has an appropriate range of
viscosity. Surface tension may also be a significant param-
eter for certain printing applications. For some desired ink
formulations, the use of a solvent blend can provide for the
rapid evaporation of a low boiling temperature solvent
(boiling point approximately no more than about 165° C.
and in other embodiments no more than about 160° C.)
while using a higher boiling solvent (boiling point at least
about 170° C. and in other embodiments at least about 175°
C.) to control the viscosity. The high boiling solvent gen-
erally can be removed more slowly without excessive blur-
ring of the printed image. After removal of the higher boiling
temperature solvent, the printed silicon based nanoparticles
can be further processed into the desired device. Suitable
printing techniques represent a significant range of desired
viscosities from relatively low viscosity for inkjet inks, to
moderate viscosities for gravure printing inks and high
viscosities for screen print pastes. The nanoparticle concen-
tration and the concentration of the viscous polycyclic
alcohols can be adjusted to achieve both desired rheological
properties and amounts of nanoparticles deposited.

In general, increased concentrations of nanoparticles and/
or increased concentrations of viscous polycyclic alcohol
can each result in an increase of ink viscosity. A balance of
these concentrations can be selected to achieve desired
target properties of the deposited ink, although the tradeoffs
are not completely commensurate. For example, for some
applications it may be desirable to use somewhat lower
nanoparticle concentrations as a way to control thicknesses
of deposited material following removal of organics. Spe-
cifically, the obtain a thinner coating of deposited silicon-
based nanoparticles, the ink can be made more dilute with
respect to nanoparticles such that a lower coverage of
silicon-based particles remains following deposition of a
certain amount of ink and drying of the ink. Higher con-
centrations of viscous polycyclic alcohol can be used to
correspondingly increase the ink viscosity, although adjust-
ments of the solvents can also be used to tune the viscosity
somewhat. So moderate nanoparticle concentrations can be
effective for the deposition of sufficient quantities of silicon-
based nanoparticles while maintaining desired rheology and
not depositing a higher coverage of silicon based nanopar-
ticles than desired. For example, with screen printing pastes,
there are constraints on the printing process in terms of the
viscosity of the pastes as well as the practical coating
thicknesses. Thus, if a thinner silicon particle deposit is
desired, the screen print paste can be made more dilute with
nanoparticles so that after the other paste components are
removed, the remaining silicon nanoparticle deposit can be
thinner based on a smaller quantity of the nanoparticles
deposited. The methods described herein can be used to
maintain desirable low metal contaminations if the polymer

10

15

20

25

30

35

40

45

50

55

60

65

24

concentration is increased. A relatively greater amount of
nanoparticles relative to viscous polycyclic alcohol can be
used to deposit a greater amount of nanoparticles from a
quantity of ink with a certain viscosity, and conversely a
relatively greater amount of viscous polycyclic alcohol
relative to nanoparticles can be used to deposit a lesser
amount of nanoparticles from a quantity of ink with a certain
viscosity.

Desirable spin-coating ink viscosities and surface ten-
sions can be selected with respect to the desired properties
of'the target film. Film properties include, but are not limited
to, film homogeneity and thickness. For some spin-coating
embodiments, the dispersion/ink can have a viscosity from
about 0.5 centipoises (cP) to about 150 cP, in further
embodiments from about 1 to about 100 cP and in additional
embodiments from about 2 cP to about 75 cP. In some
embodiments, spin-coating dispersions/inks can have a sur-
face tension from about 20 to about 100 dynes/cm. For some
spray coating inks, the viscosity can be from 0.1 cP (mPa-s)
to about 100 cP, in other embodiments from about 0.5 cP to
about 50 cP and in further embodiments from about 1 cP to
about 30 cP. A person of ordinary skill in the art will
recognize that additional ranges of viscosity and surface
tension within the explicit ranges above are contemplated
and are within the present disclosure.

To achieve the target fluid properties, the compositions of
the fluids can be correspondingly adjusted. For spray coating
inks, the silicon particle concentrations are generally at least
about 0.25 weight percent, in further embodiments at least
about 2.5 weight percent and in additional embodiments
from about 1 weight percent to about 15 weight percent. In
some embodiments, the spray coating inks can comprise an
alcohol and a polar aprotic solvent. The alcohol can be a
relatively low boiling point solvent, such as isopropanol,
ethanol, methanol or combinations thereof. In some embodi-
ments, suitable aprotic solvents include, for example,
N-methyl pyrolidone, dimethylformamide, dimethylsulfox-
ide, methylethylketone, acetonitrile, ethylacetate and com-
binations thereof. In general, the ink can comprise from
about 10 weight percent to about 70 weight percent alcohol
and in further embodiments from about 20 weight percent to
about 50 weight percent alcohol. Similarly, the ink can
comprise from about 30 weight percent to about 80 weight
percent polar aprotic solvent and in additional embodiments
form about 40 weight percent to about 70 weight percent
polar aprotic solvent. A person of ordinary skill in the art will
recognize that additional concentration and property ranges
within the explicit ranges above are contemplated and are
within the present disclosure.

For screen printing, the formulations are prepared as a
paste that can be delivered through the screen. The screens
generally are reused repeatedly. The solvent systems for the
paste should be selected to both provide desired printing
properties and to be compatible with the screens to help
avoid screen damaged and/or clogging by the paste. Suitable
lower boiling point solvents with boiling points of no more
than about 165° C. include, for example, isopropy!l alcohol,
cyclohexanone, dimethylformamide, acetone or combina-
tions thereof. Suitable higher boiling point solvents with
boiling points of at least about 170° C. and generally below
about 400° C. include, for examples, ethylene glycol, pro-
pylene glycol, N-methyl pyrrolidone, terpineols, such as
a-terpineol, 2-(2-ethoxyethoxy)ethanol (Carbitol), glycol
ethers, e.g., butyl cellosolve, or combinations thereof. Ref-
erence to higher boiling solvents exclude the distinct viscous
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polycyclic alcohols as specified above. The screen printing
paste can further include a surfactant and/or a viscosity
modifier.

In general, the screen printable ink or paste have a high
viscosity at low shear and are non-Newtonian. In particular,
the pastes have a high viscosity at low shear and a signifi-
cantly decreased viscosity at high shear. This non-Newto-
nian behavior can be used effectively to control the printing
process since the paste can be stable on the screen between
print cycles and printed with the application of higher shear
to deliver the ink through the screen to a substrate.

In some embodiments, the elemental silicon screen print-
ing pastes can have an average viscosity at a shear of 2 57,
from about 1 Pa-s (Poise) to about 450 Pa-s, in further
embodiments from about 2 Pa's to about 350 Pa's and in
additional embodiments from about 3 Pa-s to about 300 Pa-s.
Furthermore, the pastes can have an average viscosity at a
shear of 1000 s, of no more than about 5 Pa-s, in other
embodiments from about 0.001 Pa-s to about 4 Pas, in
further embodiments from about 0.01 Pa-s to about 3.5 Pa-s,
and in additional embodiments from about 0.02 to about 3
Pa-s. The ratio of low shear to high shear average viscosities
is also significant since the screen printing process relies on
the change in viscosity. The ratio of low shear average
viscosity to high shear average viscosity can be in some
embodiments from about 1.55 to about 500, in further
embodiments from about 2 to about 100 and in other
embodiments from about 2.5 to about 50. A person of
ordinary skill in the art will recognize that additional ranges
of paste rheology parameters within the explicit ranges
above are contemplated and are within the present disclo-
sure.

The screen printable inks generally can have a silicon
particle concentration from about 0.1 weight percent to
about 25 weight percent silicon particles, in further embodi-
ments from about 0.25 weight percent to about 20 weight
percent silicon particles, in additional embodiments from
about 0.5 weight percent to about 18 weight percent and in
other embodiments from about 0.75 weight percent to about
15 weight percent silicon particles. It has been found that
with pastes comprising the viscous polycyclic alcohols,
lower nanoparticle concentrations can be used while still
obtaining good screen printing properties. Also, the screen
printable inks can have from 0 to about 10 weight percent
lower boiling solvent, in further embodiments from about
0.5 to about 8 and in other embodiments from about 1 to
about 7 weight percent lower boiling solvent as well as in
some embodiments from about 45 weight percent to about
97 weight percent higher boiling solvent, in further embodi-
ments from about 50 weight percent to about 95 weight
percent, and in other embodiments from about 55 weight
percent to about 90 weight percent high boiling solvent.
Viscous polycyclic alcohol concentrations for non-Newto-
nian pastes are given above. A person of ordinary skill in the
art will recognize that additional ranges of composition for
silicon pastes within the explicit ranges above are contem-
plated and are within the present disclosure.

The property ranges of inks suitable for gravure printing
are intermediate between the properties of inkjet inks and
screen printing pastes. The properties of gravure inks are
described further in the *905 application cited above.

The silicon based nanoparticle inks can have iron, chro-
mium, copper or nickel contamination individually of no
more than about 250 parts-per-billion by weight (ppb), in
further embodiments no more than about 150 ppb, in addi-
tional embodiments no more than about 100 ppb, in other
embodiments no more than about 50 ppb and in some
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embodiments no more than about 25 ppb. In addition, the
silicon based nanoparticle inks can have a contamination
level for each metal of no more than about 500 ppb, in
further embodiments no more than about 400 ppb, in other
embodiments no more than about 300 ppb, in additional
embodiments no more than about 200 ppb and in some
embodiments no more than about 100 ppb. Also, the pastes
can have a total transition metal contamination level of no
more than about 750 ppb, in additional embodiments no
more than about 500 ppb, in further embodiments no more
than about 250 ppb, in some embodiments no more than
about 200 ppb and in other embodiments no more than about
100 ppb. A person of ordinary skill in the art will recognize
that additional ranges of contamination levels in the inks
within the explicit ranges above are contemplated and are
within the present disclosure.

While the inks can comprise heavily doped silicon based
particles, it can be desirable to further include a liquid
dopant source in the ink. Suitable liquid dopant sources
include, for example, organophosphorus compounds (for
example, phosphonates, such as etidronic acid and dimethyl
methyl phosphonate, organophosphine oxide, organophos-
phanes, such as diphenylphosphine, or organophosphates,
such as trioctyl phosphate), organoboron compounds (tetra-
phenylborate or triphenylboron), phosphoric acid, boric
acid, combinations thereof or the like. In general, an ink can
comprise no more than about 10 weight percent liquid
dopant composition as well as any and all subranges within
this explicit range.

For dopant drive in applications, it can be desirable to
include further components to the ink to facilitate the dopant
drive in process. In particular, the ink can comprise a silicon
oxide precursor, such as tetraethyl orthosilicate (TEOS).
TEOS can be converted to silica in a hydrolysis reaction
with water at an appropriate pH. A silica glass can facilitate
dopant drive in from highly doped silicon particles into a
silicon substrate through the at least partial isolation of the
dopants from the vapor phase above the deposited particles
and/or to increase solid-phase diffusion pathways to the
wafer surface. The alternative or additional use of spin on
glasses and silica sol-gels in silicon inks is described in
published U.S. patent application 2012/0193769 to Liu et al.
(the 769 application), entitled “Silicon Substrates With
Doped Surface Contacts Formed From Doped Silicon Inks
and Corresponding Processes.” incorporated herein by ref-
erence.

Also, an elemental silicon nanoparticle ink can further
comprise a silica etching agent. A traditional silica wet
etching agent comprises an aqueous solution of hydrogen
fluoride (HF), which can be buffered with ammonium bif-
lvoride (NH,HF,) and/or ammonium fluoride (NH,F).
Hydrogen fluoride is soluble in alcohols, and ammonium
fluoride is slightly soluble in alcohols. The concentrations of
HF, and optionally of ammonium fluoride, can be selected to
achieve the desired silica etching rate for the silicon ink.
Note that the silica etching compositions can also be effec-
tive at etching thin layers of silicon nitride and silicon
oxynitride. When the etching composition is referenced
herein, it will be understood that the composition can be
effective at these other etching functions even if not spe-
cifically mentioned in the context. In some embodiments,
the ink can comprise at least about 1 weight percent silica
etching agent. The silicon particle concentrations and con-
centrations of other ink components generally can be
selected as described herein for other inks as appropriate for
a particular deposition approach. For more rapid etching, the
ink can comprise a saturated HF solution. Other useful
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etchants include, for example, ammonium fluoride, ammo-
nium Dbifluoride, ethylenediamine-pyrocatechol, etha-
nolamine-gallic acid, tetraalkyl ammonium hydroxide and
combinations thereof.

The silicon nanoparticle inks with the silica etchant can be
used to apply doped or undoped silicon nanoparticle depos-
its onto a silicon substrate where the silicon substrate has an
oxide layer, generally silicon oxide. Thus, a separate etching
step may be eliminated. The silica etchant can etch through
the oxide layer to expose the silicon surface under the oxide
layer to the ink. In general, the inks can be deposited using
the various coating and printing approaches described
herein, such as screen printing, inkjet printing, spin coating,
knife edge coating or the like. During further processing, the
silica etching agents generally evaporate or decompose into
gaseous components with heating to moderate temperatures.
Therefore, the compositions can be used to etch through
oxide layers and then heated to moderate temperatures to
leave a silicon particle coating while evaporating the solvent
and correspondingly removing the etchant. In some embodi-
ments, the deposited inks can be heated to temperatures form
about 50° C. to about 300° C. to evaporate the solvent and
to remove the silica etchant.

Following the drying of the material, a silicon based
nanoparticle coating remains that can be used for dopant
delivery and/or, for silicon nanoparticles, to form a silicon
mass on a substrate similar to the silicon inks without a silica
etchant. Thus, the ink materials with the combination of
silica etchant and the silicon nanoparticles can be used to
effectively etch through silicon oxide coatings to expose a
silicon underlayer that is then in contact with the silicon
nanoparticle deposit following drying of the as deposited
material. The silicon nanoparticle deposits that remain after
drying the ink deposits can be further processed to fuse the
silicon nanoparticles and/or drive dopant atoms into the
silicon substrate. Further processing to fuse the silicon
atoms can be performed generally at a temperature from
about 700° C. to about 1200° C.

In other embodiments, silica nanoparticles are combined
with the silicon nanoparticles in the ink/dispersion. The
relative amounts of silicon nanoparticles and silica nano-
particles can be selected based on the particular application
of the ink, and the overall ranges of silicon nanoparticle
concentrations described elsewhere herein can apply equally
to these blended particle inks. In some embodiments, the ink
can comprise at least about 0.01 weight percent silica, in
further embodiments from about 0.025 to about 10 weight
percent and in other embodiments from about 0.05 to about
5 weight percent silica. In some embodiments, the weight
ratio of silica nanoparticles to silicon nanoparticles can be at
least about 0.01, in further embodiments from about 0.025
to about 1.5 and in additional embodiments from about 0.05
to about 1. A person of ordinary skill in the art will recognize
that additional ranges of silica concentrations and silica to
silicon ratios within the explicit ranges above are contem-
plated and are within the present disclosure. The silicon
nanoparticles, the silica nanoparticles, both the silicon nano-
particles and the silica nanoparticles or a portion thereof
may be doped. The silica nanoparticles can be used to
increase the viscosity of the inks as well as to assist with the
formation of a more densely packed deposit that can facili-
tate dopant drive in.

As described herein, silicon based nanoparticle inks can
be formulated for suitable printing processes for commercial
applications. In some embodiments, the ability to form good
dispersions without chemical modification of the silicon
nanoparticle surfaces with an organic compound simplifies
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processing of the particles after printing. Processing tech-
niques for the inks into corresponding devices can be
selected based on the particular application. The ability to
form inks with very low metal contaminant levels can in
some embodiments directly improve performance of devices
formed with the inks. Thus, the availability of the low metal
contaminant silicon based nanoparticle inks provides for the
applicability of the inks for a broader range of applications.
Processing to Form Silicon Based Nanoparticle Inks

The processing to form the silicon based nanoparticle inks
with a viscous polycyclic alcohol component can be
designed to both achieve desired deposition properties as
well as to form an ink with very low metal contamination
levels. The formation of desirable inks with improved depo-
sition properties can comprise the initial formation of a
nanoparticle dispersion that can comprise a strong mixing
step, e.g. a sonication step, and an optional centrifugation
step, and in some embodiments, a plurality of one or both of
these steps. In some embodiments, the supernatant of a first
centrifugation step can be centrifuged a second time with the
second supernatant used to form the nanoparticle ink, and
the centrifugation process can be repeated a third time or
more if desired. Formation of a good initial dispersion of the
nanoparticles prior to further processing to form the ink,
such as addition of the polymer, can facilitate the subsequent
processing steps and can desirably affect the properties of
the target ink. The initial dispersion of the as-synthesized
particles generally comprises the selection of a solvent that
is relatively compatible with the particles based on the
surface chemistry of the particles.

In general, it is desirable to have a strong mixing step to
facilitate forming a good dispersion of the nanoparticles. In
some embodiments, a strong mixing step can be used in
combination with a centrifugation step, which may be effec-
tive both to remove metal contaminants and to remove a
portion of the nanoparticles resistant to dispersion. In gen-
eral, there should be significant mixing prior to performance
of the centrifugation so that the centrifugation can be
effective. Furthermore, additional mixing can be performed
after a centrifugation step. There can be a plurality of mixing
steps and/or centrifugation steps that are performed in a
selected order. Depending on the particle properties, par-
ticular particle processing order can be selected to achieve
desired dispersion properties. A general discussion of appro-
priate process follows. Further discussion directed to pro-
cessing for forming elemental silicon nanoparticle spin
coating inks and screen printing pastes with polymers is
found in published U.S. patent application serial number
2013/0189831 to Li et al. (the ’831 application), entitled
“Silicon/Germanium Nanoparticle Inks and Methods of
Forming Inks With Desired Printing Properties,” incorpo-
rated herein by reference.

Initial mixing can include mechanical mixing and/or
sonication mixing. Mechanical mixing can include, but is
not limited to, beating, stirring, and/or centrifugal planetary
mixing. In some embodiments, centrifugal planetary mixing
has been shown to be particularly effective as a mechanical
mixing approach in reducing particle agglomeration,
although other initial mixing methods can also desirably
reduce particle agglomeration. The procedure for perform-
ing the initial mixing can significantly influence the con-
centration of the resulting ink. In particular, the initial
mixing step influences the amount of particulates that
remain suspended following a subsequent centrifugation
step. Initial mixing can comprise a plurality of distinct
mixing steps, which may or may not be similar in quality.
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In centrifugal planetary mixing, the material to be mixed
is placed in a container that is rotated about its own axis and
the container itself rotates around another axis of the mixer
to generate a spiral convection to mix the contents of the
container. The mixer provides strong mixing conditions
without the application of strong shear, such as in a twin
screw extruder. Centrifugal planetary mixers are available
from commercial sources such as THINKY USA, Inc.
(Laguna Hills, Calif.). In some embodiments, a mixture of
as-synthesized particles and solvent is initially mixed in a
centrifugal planetary mixer at between about 200 rpm to
about 10,000 and, in other embodiment, from about 500 rpm
to about 8000 rpm. In some embodiments, a mixture as
as-synthesized particles initially mixed in a centrifugal plan-
etary mixer, for example, for up to about an hour and, in
other embodiments, from about 1 min. to about 30 min. A
person of ordinary skill in the art will recognize that addi-
tional ranges of centrifugation frequencies and times are
within the explicit ranges herein are contemplated and are
within the present disclosure.

Sonication generally can include, but is not limited to,
bath sonication, probe sonication, ultrasonic cavitation mix-
ing, combinations thereof or the like. Sonication processes
involve the propagation of sound waves, generally at ultra-
sonic frequencies, that result in cavity formation in the liquid
and the violent collapse of the resulting bubbles. A range of
commercial sonication devices are available. Bath and probe
sonication can also allow for convenient temperature control
during initial mixing by controlling the temperature of the
surrounding bath, such as performing the sonication at
reduced temperatures. In some embodiments, a mixture is
sonicated for no more than about 20 hrs, in other embodi-
ments for no more than about 5 hrs, and in further embodi-
ments from about 5 min. to about 30 min. A person of
ordinary skill in the art will recognize that additional ranges
of sonication times are within the explicit ranges herein are
contemplated and are within the present disclosure.

In general, the dispersion can be centrifuged to improve
the properties of the dispersion. It has been found that
centrifugation of nanoparticle dispersions can be useful for
the formation of the highly pure dispersions with very low
metal contamination described herein. The centrifugation
parameters can be selected such that at least a reasonable
fraction of the silicon based nanoparticles remain dispersed,
but contaminants and more poorly dispersed solid compo-
nents settle to the bottom of the centrifuge container.

To obtain greater improvement in the dispersion proper-
ties, centrifugation can comprise multiple centrifugation
steps, with each subsequent step performed with the same or
different centrifugation parameters as the preceding step. In
some embodiments, after each centrifugation step, the super-
natant can be decanted or similarly separated from the
settled contaminants and subsequently centrifuged in the
subsequent centrifugation step. Additional mixing or other
processing steps can be performed between centrifugation
steps for embodiments involving multiple centrifugation
steps. After centrifugation for further processing or use of
the inks, the supernatant can be decanted or similarly
separated from the settled contaminants for further process-
ing. In some embodiments, a dispersion is centrifuged at
3000 revolutions per minute (rpm) to 15000 rpm, in further
embodiments from about 4000 rpm to about 14000 rpm and
in other embodiments form about 5000 rpm to about 13000
rpm. In some embodiments, a dispersion is centrifuged for
about 5 minutes to about 2 hours, in further embodiments
from about 10 minutes to about 1.75 hours and in other
embodiments from about 15 minutes to about 1.5 hours. A
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person of ordinary skill in the art will recognize that addi-
tional ranges of centrifugation frequencies and times are
within the explicit ranges herein are contemplated and are
within the present disclosure.

After centrifugation, it can be desirable to further subject
the dispersion to a post-centrifugation sonication. It has been
found that sonication after centrifugation can aid in forma-
tion of a higher quality ink for some silicon based nanopar-
ticles. Post-centrifugation sonication can comprise one or
more selected forms of sonication as described above. With
respect to post-centrifugation bath sonication, in some
embodiments a dispersion is sonicated for no more than
about 5 hr., in other embodiments from about 5 min. to about
3.5 hr, in further embodiments from about 10 min. to about
2 hr., and in yet other embodiments, from about 15 minutes
to about 1.5 hr. A person of ordinary skill in the art will
recognize that additional ranges within the explicit ranges
above are contemplated and are within the present disclo-
sure. Post-centrifugation sonication can be performed at the
temperature ranges and with sonication frequencies as dis-
cussed above. Whether or not the ink is subjected to post-
centrifugation sonication, the ink can be subjected to cen-
trifugal planetary mixing or the like to homogenize the
sample.

The particular additives can be added in an appropriate
order to maintain the stability of the particle dispersion. In
general, the additives can be added after centrifuging the
silicon nanoparticle dispersion. Some mixing is performed
to disburse the additive through the ink composition. A
person of ordinary skill in the art can select the additives and
mixing conditions empirically based on the teachings herein.

In general, dry nanoparticles can be added to a liquid and
then subjected to strong mixing conditions. To facilitate
processing, the viscous polycyclic alcohol can be added to
a nanoparticle dispersion formed with other selected sol-
vents. After adding the viscous polycyclic alcohol to the
nanoparticle dispersion suitable mixing can be applied.

For particular applications, there may be fairly specific
target properties of the inks as well as the corresponding
liquids used in formulating the inks. At an appropriate stage
in the dispersion process, it can be desirable to change the
solvent in the dispersion. It can also be desirable to increase
the particle concentration of a dispersion/ink relative to an
initial concentration used to form a good dispersion.

Solvent compositions can be generally changed at any
convenient point in the processing as well as at multiple
points in the overall processing. For example, in some
embodiments, a solvent blend at a selected concentration
can be formed after the initial mixing step. Also, additional
mixing steps can be included in combination with the
solvent changes, and solvent modification can be performed
between multiple centrifugation steps. One approach for
changing solvents involves the addition of a liquid that
destabilizes the dispersion. The liquid blend then can be
substantially separated from the particles through decanting
or the like. The particles are then re-dispersed in the newly
selected liquid. This approach for changing solvents is
discussed in published U.S. patent application 2008/
0160265, now U.S. Pat. No. 8,632,702, to Hieslmair et al.,
entitled “Silicon/Germanium Particle Inks, Doped Particles,
Printing and Processes for Semiconductor Applications,”
incorporated herein by reference.

With respect to the increase of particle concentration,
solvent can be removed through evaporation to increase the
concentration. This solvent removal generally can be done
appropriately without destabilizing the dispersion. A lower
boiling solvent component can be removed preferentially
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through evaporation. A combination of evaporation and
further solvent addition can be used to obtain a target solvent
blend. Solvent blends can be particularly useful for the
formation of ink compositions since the blends can have
multiple liquids that each contribute desirable properties to
the ink. In some embodiments, a low boiling temperature
solvent component can evaporate relatively quickly after
printing to stabilize the printed ink prior to further process-
ing and curing. A higher temperature solvent component can
be used to adjust the viscosity to limit spreading after
printing. Thus, for many printing applications, solvent
blends are desirable. The overall solvent composition can be
adjusted to yield desired ink properties and particle concen-
trations.

For appropriate embodiments, the design of a solvent
blend can be based on the ability to maintain a good
dispersion after the initial formation of the dispersion. Thus,
a desirable approach for the formation of inks with desired
properties is to form a good dispersion of the particles and
to maintain the good dispersion of the particles through the
blending of solvents. The blend of solvents is selected such
that the different liquids combine to form a single phase
through the miscibility or solubility of the liquids with
respect to each other. In some embodiments, it can be
desirable to form dispersions by initially dispersing the
as-synthesized particles in a blend of solvents. In some
embodiments, an additional solvent can be added to the
dispersion after initial mixing. Generally, a solvent can be
added to a dispersion without destabilizing the dispersion.
However, it can also be desirable to further mix a dispersion
after addition of a solvent. Similarly, the viscous polycyclic
alcohol can be added to the dispersed nanoparticles with
appropriate to form the desired ink/paste composition.

Ink Deposition and Processing

The silicon based nanoparticle inks can be deposited
using a selected approach that achieves a desired distribution
of the dispersion on a substrate. The inks of particular
interest comprise a viscous polycyclic alcohol, and silicon
based nanoparticle pastes are of particular interest. In gen-
eral, various coating and printing techniques can be used to
apply the ink to a surface. Coating methods can be particu-
larly efficient for uniformly covering large surface areas with
an ink in a relatively short amount of time. Using selected
printing approaches, patterns can be formed with moderate
resolution. In some embodiments, coating and/or printing
processes can be repeated to obtain a thicker deposit of ink
and/or to form overlapping patterns. Suitable substrates
include, for example, polymers, such as polysiloxanes, poly-
amides, polyimides, polyethylenes, polycarbonates, polyes-
ters, combinations thereof, and the like, ceramic substrates,
such as silica glass, and semiconductor substrates, such as
silicon or germanium substrates. The composition of the
substrates influences the appropriate range of processing
options following deposition of the dispersion/ink as well as
the suitable application for the resulting structure. Following
deposition, the deposited material can be further processed
into a desired device or state.

For many applications it is desirable to use a silicon
substrate. Suitable silicon substrates include, for example,
silicon wafers, which can be cut from silicon ingots, or other
silicon structures, such as those known in the art. Silicon
wafers are commercially available. In other embodiments,
suitable substrates include, for example, various thin sheets
of'silicon/germanium such as foils, as described in published
U.S. Patent application 2007/0212510A to Hieslmair et al.,
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entitled “Thin Silicon or Germanium Sheets and Photovol-
taics Formed From Thin Sheets,” incorporated herein by
reference.

Each printing/coating step may or may not involve a
patterning. The ink may or may not be dried or partially
dried between the respective coating and/or printing steps.
Sequential patterned printing steps generally involve the
deposition onto an initially deposited ink material. The
subsequent deposits may or may not approximately align
with the initially deposited material, and further subse-
quently deposited patterns of material may or may not
approximately align with the previously deposited layers.
Thus, multiple layers can be present only at a subset of the
ink deposit. To obtain desired thickness of deposited inks, a
coating or printing process can be repeated to form multiple
layers of the ink with a corresponding greater thickness. In
some embodiments, the printing/coating can be repeated for
a total of two printing/coating steps, three printing/coating
steps, four printing/coating steps or more than four printing/
coating steps. However, polymers can be used to form an ink
with a reduced nanoparticle loading to reduce the thickness
of a printed deposit following drying and the removal of
organic components.

Suitable coating approaches for the application of the
dispersions include, for example, spin coatings, dip coating,
spray coating, knife-edge coating, extrusion or the like. In
general, any suitable coating thickness can be applied,
although in embodiments of particular interest, average
coating thickness can range from about 10 nm to about 500
microns, in some embodiments from about 25 nm to about
400 microns and in further embodiments from about 50 nm
to about 250 microns. In some embodiments, suitable elec-
tronic properties can be achieved with low average coating
thickness, which can save on material use and corresponding
cost. In some embodiments, average coating thickness can
be from about 100 nm to about 1.5 microns, in further
embodiments from about 125 nm to about 1 micron, in
additional embodiments from about 150 nm to about 700
nm. A person of ordinary skill in the art will recognize that
additional ranges of thicknesses within the particular ranges
above are contemplated and are within the present disclo-
sure. The ranges of thicknesses similarly can be applied
using printing techniques that may only cover a portion of a
substrate.

Spin coatings involves the deposition of an ink onto at
least a portion of substrate and spinning the substrate to coat
the substrate surface with the deposited ink. The rotational
frequency of the substrate as well as the spin coating time
can be selected with reference to the ink viscosity as well as
the desired uniformity and thickness of the resulting coating.
The substrate can be spun at a single rotational frequency or
it can be spun at successively different frequencies for the
same or for a different amount of time.

In knife-edge coating, a substrate is coated by depositing
an ink onto the substrate surface with a selected thickness
such that the dried and/or further processed coating has an
ultimate desired thickness of the coating. The inks for knife
edge coating can be relatively viscous, and the inks com-
prising polymers described herein can be useful for knife
edge coating application. A sharp edge is suspended over the
substrate so that distance between the edge of the knife and
the substrate surface corresponds to the selected initial
thickness of the coating. The substrate is then moved relative
to the knife such that as the substrate moves past the blade,
the deposited ink is reduced to the desired thickness. Sub-
strate movement rates can be selected based upon the
desired quality of the formed film as well as on ink char-
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acteristics. For example, a coating rate that is too high can
undesirably affect the formed coating due to an undesirable
increase in ink pressure as it passes under the knife edge.
Slower coating rates result in longer residence time of the
ink on the surface and can lead to undesirable evaporation of
solvent from ink prior to moving passed the knife edge. The
selection of the substrate movement rate is based upon a
balance of these and other factors, including but not limited
to, desired coating thickness, ink viscosity, and knife blade
geometry.

Similarly, a range of printing techniques can be used to
print the dispersion/link into a pattern on a substrate. Suit-
able printing techniques include, for example, screen print-
ing, inkjet printing, lithographic printing, gravure printing
and the like. The selection of the printing technique can be
influenced by a range of factors including, for example,
capital costs, ease of incorporation into an overall produc-
tion process, processing costs, resolution of the printed
structure, printing time and the like. The inks comprising a
polymer as described herein are particularly effective for
screen printing pastes.

Screen printing can offer desirable features for printing
silicon inks for some applications. Screen printing appara-
tuses are commercially available and are widely used for
various applications involving moderate resolution. The
silicon based particles and processes described herein are
suitable for forming good quality pastes for screen printing
as demonstrated in the examples below. In a screen printing
process, the screen printing paste generally has a high low
shear viscosity. Thus, the paste is stable in a reservoir
between printing steps. During a printing step high shear is
applied to force the paste through the screen for printing.
With the application of high shear, the non-Newtonian paste
has a significantly reduced viscosity so that the paste can
effectively flow through the screen. At the end of the printing
process, the paste rests again without the application of
shear.

In general, following deposition, the liquid evaporates to
leave the silicon based nanoparticles and any other non-
volatile components of the inks remaining. For some
embodiments with suitable substrates that tolerates suitable
temperatures and with organic ink additives, if the additives
have been properly selected, the additives can be removed
through the addition of heat in an appropriate atmosphere to
remove the additives, as described above. Once the solvent
and optional additives are removed, the silicon based par-
ticles can then be processed further to achieve desired
structures from the particles. The viscous polycyclic alco-
hols are convenient for the removal of the organics through
evaporation in an inert atmosphere. Thus, inks with viscous
polycyclic alcohols generally can be dried to form nanopar-
ticle deposits with low levels of oxidation, due to drying
without an oxygen atmosphere if desired, as well as a low
carbon contamination level since evaporation can be an
effective and efficient approach to remove the viscous poly-
cyclic alcohols along with other organic solvents.

For example, if the silicon based nanoparticles comprise
elemental silicon, the deposited nanoparticles can be melted
to form a cohesive mass of the silicon deposited at the
selected locations. If a heat treatment is performed with
reasonable control over the conditions, the deposited mass
does not migrate significantly from the deposition location,
and the fused mass can be further processed into a desired
device. The approach used to sinter the silicon particles can
be selected to be consistent with the substrate structure to
avoid significant damage to the substrate during silicon
particle processing. For example, laser sintering or oven
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based thermal heating can be used in some embodiments.
Laser sintering and thermal sintering of silicon nanoparticles
is described further in published U.S. patent application
2011/0120537 to Liu et al., entitled “Silicon Inks for Thin
Film Solar Cell Formation, Corresponding Methods and
Solar Cell Structures,” incorporated herein by reference. The
use of highly doped silicon nanoparticles for dopant drive in
applications is described further below.

Annealing and Dopant Drive-In

The doped silicon based nanoparticles can be used as a
dopant source that can then provide dopant elements for
driving into an adjacent surface, such as a silicon substrate.
For doped silicon nanoparticle deposits, the annealed silicon
structure formed during the drive in process can be used to
form a portion of the ultimate device. Dopant drive in can be
improved, especially for phosphorous dopants, through the
use of a capping layer to limit dopant evaporation during the
drive in process. Suitable capping layers can range from
physical covers, a substrate placed adjacent and over the
drive in surface and various coatings as a capping layer.
With the use of a capping layer, effective dopant drive in can
be performed using a nanoparticle deposit source.

A capping layer based on a physical covering or a
dielectric coating has been described to cover a doped
silicon nanoparticle ink to facilitate dopant drive-in. See, the
*769 application cited above. The capping layer as described
in the 769 application can be a dielectric material that does
not substantially penetrate into the silicon nanoparticle layer.
For example, the capping layer can be formed from a
spin-on glass. Desirable results have been obtained with an
amorphous silicon capping layer. For example, an amor-
phous silicon capping layer can be efficiently deposited
using a chemical vapor deposition (CVD) approach, such as
low pressure CVD. An initial anneal step can be performed
to densify the composite of the nanoparticles and the amor-
phous silicon prior to a higher temperature dopant drive in
step. After an anneal process, the resulting material can be
a dense nanocrystalline silicon material. The use of an
amorphous silicon capping layer is described further in
published U.S. patent application 2013/0105806 to Liu et al.
(the 806 application), entitled “Structures Incorporating
Silicon Nanoparticle Inks, Densified Silicon Materials From
Nanoparticle Silicon Deposits And Corresponding Meth-
ods,” incorporated herein by reference.

Following dopant drive in, for embodiments with a silicon
substrate, dopant concentrations remain relatively constant
through the entire thickness of the nanocrystalline-Si layer
and then elevated concentrations extend into the silicon
substrate. The dopant profile indicates a dopant concentra-
tion in the nanocrystalline surface layer that transitions into
a dopant profile extending into the silicon substrate. In some
embodiments, dopant concentration decreases gradually
with depth below the substrate surface. The dopant profile
can have a shape approximating a Gaussian function indi-
cating a decrease in dopant concentration extending into the
silicon wafer surface until the background concentration is
reached. In other embodiments, processing conditions can
be selected to reduce dopant drive-in, the dopant concen-
tration drops sharply from an elevated level to a background
concentration at depths below the substrate surface at the
interface between the nanocrystalline layer and the sub-
strate. The dopant profile then has an approximately rect-
angular shape forming a sharp junction. Assuming that the
substrate has a set low dopant concentration, the sharp
junction can be a p/n junction or a high/low dopant concen-
tration junction depending on whether opposite types or
alike types of dopants are introduced into the substrate and
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the nanocrystalline layer. Sharp junctions have an electric
field of relatively greater strength in comparison with dif-
fusion-derived junctions having Gaussian type profiles. The
characteristics of the dopant profiles described herein and
achieved in the examples are suitable for the formation of
efficient solar cells.

The characteristics of the dopant profile generally depend
on the characteristics of the silicon nanoparticle layer and
the amorphous silicon capping layer, as deposited, as well as
the processing conditions. The dopant profile can be mea-
sured using Secondary Ion Mass Spectrometry (SIMS) to
evaluate the elemental composition along with sputtering or
other etching to sample different depths from the surface. If
good ohmic contact is desired at the surface such as with a
metal current collector, it can be desirable for the surface
doping to be relatively large, such as from about 5x10*°
dopant atoms per cubic centimeter (atoms/cc) to about
5x10*' atoms/cc and in some embodiment from 7x10'°
atoms/cc to about 2x10°" atoms/cc to provide for good
ohmic contact while maintaining low surface recombination.
A plateau region in the dopant profile generally can be
observed with a relatively flat slope of log concentration as
a function of depth below the surface and generally no more
than about log(concentration)/depth of no more than about
0.5 [log(atm/cc)/micron] and in some embodiments no more
than about 0.5 [log(atm/cc)/micron] and a depth of the
plateau from about 0.1 to about 0.8 microns and in further
embodiments from about 0.15 to about 0.6 microns. A
person of ordinary skill in the art will recognize that addi-
tional ranges within the explicit ranges above of surface
dopant characteristics are contemplated and are within the
present disclosure. These surface dopant parameters are
generally applicable whether or not there is good dopant
drive in into the silicon substrate.

To characterize the overall dopant profile into the silicon
substrate following dopant drive-in used to drive dopant into
the silicon substrate surface, we use an additional parameter,
the depth at a dopant concentration of 1x10'° atoms/cc. With
respect to depth, the dopant profile can have a depth at a
dopant concentration of 1x10*° from about 0.5 microns to
about 2.5 microns, in further embodiments from about 0.6
microns to about 2 microns and in other embodiments from
about 0.7 microns to about 1.8 microns. For embodiments
with limited dopant drive in, the depth from the edge of the
surface plateau region to a dopant concentration of 1x10'®
atoms/cc can be no more than about 0.3 microns. A person
of ordinary skill in the art will recognize that additional
ranges of dopant profile parameters within the explicit
ranges above are contemplated and are within the present
disclosure.

Following dopant drive-in, the resulting silicon sheet can
be characterized with a sheet resistance. The sheet resistance
can be measured with a 4-point probe. Measurements with
the 4-point probe can then be scaled according to the
geometric parameters to obtain the sheet resistance. Based
on the doping using doped silicon nanoparticles and the
dopant drive-in process as described herein, sheet resis-
tances can be obtained of no more than about 120 Q/[], in
further embodiments from about 100 Q/[] to about 1 Q/[],
in additional embodiments from about 60 /] to about 5
Q/[], and in other embodiments from about 50 Q/[]to about
10 Q/[1. A person of ordinary skill in the art will recognize
that additional ranges of sheet resistance within the explicit
ranges above are contemplated and are within the present
disclosure.

The dopant drive-in generally can be performed at a
temperature from about 700° C. to about 1400° C., in further
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embodiments from about 725° C. to about 1200° C., and in
other embodiments from about 750° C. to about 1100° C.
The dopant drive-in can be performed for about 5 minutes to
about 6 hours, in further embodiments for about 10 minutes
to about 3 hours and in additional embodiments for about 15
minutes to about 2 hours. A person of ordinary skill in the
art will recognize that additional ranges of dopant process-
ing temperatures and times within the explicit ranges above
are contemplated and are within the present disclosure. If
desired, an initial heating step at a lower temperature can be
used to stabilize the composite prior to performing the
anneal step. The dopant profile within the substrate surface
may depend to some degree on the dopant drive-in param-
eters and the selection of the processing parameters may be
influenced by the target dopant profile after the dopant
drive-in.

In additional or alternative embodiments, the silicon
nanoparticles can be effectively and rapidly annealed and/or
subjected to dopant drive in with a rapid thermal process.
For example, the annealing of the silicon composite can be
accomplished with a heat lamp, such as a xenon heat lamp.
The radiation from the heat lamp can be irradiated over the
surface of in other embodiments scanned relatively rapidly
across the substrate surface to anneal the silicon. The
intensity and irradiation times can be selected to anneal the
silicon deposits and in appropriate embodiments to drive the
dopant into a silicon substrate, without otherwise signifi-
cantly affecting the silicon substrate.

In addition to thermally driven dopant drive in, effective
dopant drive in can be driven by a collimated energy beam,
such as a laser beam. For example, if a laser beam is directed
at a doped silicon nanoparticle deposit, the energy from the
laser can provide local heating to correspondingly drive the
dopant into the substrate. Laser dopant drive in is described
further in U.S. Pat. No. 8,409,976 to Hieslmair, entitled
“Solar Cell Structures, Photovoltaic Panels, and Corre-
sponding Processes,” and published U.S. patent application
2010/0294349 to Srinivasan et al., entitled “Back Contact
Solar Cells with Effective and Efficient Designs and Corre-
sponding Patterning Processes.” both of which are incorpo-
rated herein by reference. Suitable laser frequencies can be
selected, such as green lasers, infrared lasers and/or ultra-
violet lasers.

It may be desirable to perform a silicon oxide etch after
the annealing and/or dopant drive-in to remove any silicon
oxide that may have formed along the surface of the material
during processing and prior to further processing to form a
product. If oxygen is aggressively kept from the material
through the entire process, the silicon oxide etch may not be
used. Silicon oxide etch can be performed with a buffered
hydrogen fluoride solution or other appropriate solution.
Similarly, a plasma etch or other dry etching process can be
similarly used. A buffered oxide etch, can be performed for
a few minutes to several hours, although a person of
ordinary skill in the art will appreciate that all subranges
within this range of times are contemplated. Incorporation of
a silica etchant into the ink is described in the *831 appli-
cation cited above.

As an alternative to a wet etch, a dry etch can be
performed to remove a thin surface layer to remove any
surface contaminants, such as on the order of a nanometer of
thickness. Dry etching is generally performed in an evacu-
ated chamber. A plasma is generally used to perform the dry
etch, and ions of elements such as argon can be used as an
inert etchant.

After performing the dopant drive-in and any densifica-
tion and/or etching steps, the substrate with the annealed
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silicon coating can be assembled into a desired device, such
as a solar cell, thin film transistor or other device. Repre-
sentative application devices are described further below.
Semiconductor Applications

The silicon based nanoparticle inks are well suited for a
range of applications in which low metal contamination is
significant, such as formation of solar cell components,
electronic circuit components or the like. In some embodi-
ments, the ability to deliver highly doped elemental silicon
with a low contamination level provides the ability to form
components with good electrical properties with moderate
resolution. In particular, doped inks can be used to form
doped contacts for crystalline silicon solar cells. Similarly,
the inks can be used to form components of thin film
transistors. Upon deposition and drying of the inks, the
resulting nanoparticle deposits can be processed into densi-
fied silicon structures. Other silicon nanoparticle composi-
tions can be used for dopant delivery and/or for dielectric
components in similar types of applications in which metal
contamination is undesirable.

For solar cell, thin film transistor and other semiconductor
applications, silicon particles can be used to form structures,
such as doped elements, that can form a portion of a
particular device. For particular applications, patterning or
no patterning can be used as desired for a particular appli-
cation. In some embodiments, the inks can be used to form
layers or the like of doped or intrinsic silicon. The formation
of silicon layers can be useful for formation or thin film
semiconductor elements, such as on a polymer film for
display, layers for thin film solar cells or other applications,
or patterned elements, which can be highly doped for the
introduction of desired functionality for thin film transistors,
solar cell contacts or the like. In particular, doped silicon
inks are suitable for printing to form doped contacts and
emitters for crystalline silicon based solar cells, such as for
selective emitter, local back surface field contacts, or back
contact solar cell structures.

The formation of a solar cell junction can be performed,
for example, using the screen printing of an elemental
silicon ink with thermal densification in which the process-
ing steps are folded into an overall processing scheme. In
some embodiments, doped silicon particles can be used as a
dopant source that provides a dopant that is subsequently
driven into the underlying substrate to for a doped region
extending into the silicon material. Following dopant drive-
in, the silicon particles may or may not be removed. Thus,
the doped silicon particles can be used to form doped
contacts for solar cells. The use of doped silicon particles for
dopant drive-in is described further in the ***769 application
cited above.

For crystalline silicon based solar cells, doped silicon
based inks can be used to provide dopants for the formation
of doped contacts, such as and emitters along both surfaces
of the cell or along the back surface of the cell, i.e., back
contact solar cells. The doped contacts can form local diode
junctions that drive collection of a photocurrent. Suitable
patterning can be accomplished with the inks. Some specific
embodiments of photovoltaic cells using thin semiconductor
foils and back surface contact processing is described further
in published U.S. patent application 2008/0202576 to Hiesl-
mair (the 576 application), entitled “Solar Cell Structures,
Photovoltaic Panels, and Corresponding Processes,” incor-
porated herein by reference.

Referring to FIGS. 1 and 2, a representative embodiment
of'an individual photovoltaic cell is shown. The photovoltaic
cell in these figures is a back contact only cell, although the
inks described herein can be effectively used for other
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photovoltaic cell designs. Photovoltaic cell 100 comprises a
semiconductor layer 110, a front surface passivation layer
120, a rear surface passivation layer 130, negative current
collector 140, and positive current collector 150. FIG. 2 is a
bottom-view of photovoltaic cell 100, showing only semi-
conducting layer 110 with deposited n-doped islands 160
and p-doped islands 170. For clarity, only the first two
columns of doped islands are labeled, however successive
columns are analogously doped with alternating dopant
type. Collector 140 generally is in electrical contact with
n-doped islands 160. Collector 150 generally is in electrical
contact with p-doped islands 170. Holes can be created
through rear surface passivation layer 130 in alignment with
the doped islands 150, 160 and filed with current collector
material to make electrical contact between doped islands
160, 170 and corresponding current collectors 140, 150.
Each current collector has sections along opposite edges of
the cell to connect the columns and to provide for connection
of'the current collectors. Other selected patterns can be used
for the doped contacts in which the pattern provides for
connections of commonly doped contacts with non-overlap-
ping current collectors.

The *576 application describes forming shallow doped
regions in some embodiments. These shallow doped regions
can be conveniently formed by printing the doped silicon
and using heat and/or light, such as from a laser or flash
lamp, to fuse the doped silicon into corresponding doped
contacts. This processing can further lead to dopant drive-in
to supply dopant in the initial silicon material. Also, the
doped silicon particles described herein can be also used to
deliver the dopant atoms to the underlying silicon substrate.
Also, other similar solar cell elements can be formed on
other silicon or other semiconducting substrates for solar
cell applications. Dopant drive-in and silicon particle fusing
is described further in the *769 application cited above. If the
silicon based nanoparticles are used solely as a dopant
source, some or all of the remains of the particles can be
removed following processing if desired. Nanoparticles can
be removed following processing using, for example, suit-
able etching agents, which are known in the art.

The inks can be effectively used to form thin film solar
cells. In particular, nanocrystalline silicon can absorb sig-
nificantly more visible light for a given thickness of material
compared with highly crystalline silicon. In particular, for
thin film solar cells, a stack with layers of p-type and n-type
silicon are deposited, optionally with an intrinsic silicon
layer between the doped layers to form a p-(i)-n diode
junction across the cell. A plurality of stacks can be used if
desired. The silicon inks described herein can be used to
form one or more of the layers or portions thereof. The
formation of thin film solar cells with silicon inks is
described further in published U.S. patent application 2011/
0120537 to Liu et al., entitled “Silicon Inks for Thin Film
Solar Cell Formation. Corresponding Methods and Solar
Cell Structures,” incorporated herein by reference.

The silicon based inks can also be used for the formation
of integrated circuits for certain applications. Thin film
transistors (TFTs) can be used to gate new display structures
including, for example, active matrix liquid crystal displays,
electrophoretic displays, and organic light emitting diode
displays (OLED). Appropriate elements of the transistors
can be printed with silicon based inks using conventional
photolithographic approaches or for moderate resolution
using screen printing or other suitable printing techniques.
The substrates can be selected to be compatible with the
processing temperatures for the ink. TFTs comprise doped
semiconductor elements and corresponding interfaces. For
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example, thin film transistors used as electronic gates for a
range of active matrix displays are described further in
Published U.S. Patent Application number 2003/0222315A
to Amundson et al., entitled “Backplanes for Display Appli-
cations, and Components for use Therein,” incorporated
herein by reference. Similarly, the use of a plurality of TFTs
in a display device is described in U.S. Pat. No. 8,188,991
to Ohhashi et al., entitled “Display Device and Driving
Method Thereof,” incorporated herein by reference.

To form a device component from the silicon based
nanoparticle deposit, the material can be heated. For
example, the structure can be placed into an oven or the like
with the temperature set to soften the particles such that fuse
into a mass. This can be done, for example, by heating the
substrate in an oven to relatively high temperatures, such as
about 750° C. to 1250° C. to obtain a solid mass from the
particles in intimate contact with the substrate surface. The
time and temperature can be adjusted to yield a desired
fusing and corresponding electrical properties of the fused
mass. Appropriate approaches can be used to heat the
surface of the substrate with the deposit. The heating of a
silicon wafer with silicon based nanoparticle ink coating in
an oven or with a laser to form a fused mass is described
further in the *769 application cited above. In alternative
embodiments, a flash lamp, infrared lamp or the like can be
used to provide rapid thermal processing of deposited silicon
based nanoparticles. Thermal and light based fusing of
silicon particles is described further in the *905 patent
application cited above.

EXAMPLES
Example 1
Paste Formation-Phosphorous Doped Nanoparticles

This example describes formation and demonstrates
purity of silicon nanoparticle pastes based on viscous alco-
hols, which are described below in further examples with
respect to properties and performance of silicon nanoparticle
pastes.

The pastes were formed from concentrated dispersions
comprising phosphorous doped silicon nanoparticles, a vis-
cous polycyclic alcohol, and a solvent or solvent blend. The
doped silicon nanoparticles were formed using laser pyroly-
sis essentially as described in Example 2 of published U.S.
patent application 2011/0318905 to Chiruvolu et al., entitled
“Silicon/Germanium Nanoparticle Inks, Laser Pyrolysis
Reactors for the Synthesis of Nanoparticles and Associated
Methods.” incorporated herein by reference. The silicon
particles had an average primary particle diameter of about
20 nm and comprised 2-4 atomic percent phosphorous
dopant (100xP/(Si+P)).

For each paste sample, a slurry was first formed by adding
an appropriate amount of nanoparticle silicon powder to a
volume of isopropyl alcohol (“IPA”). The mixture was then
mixed by sonication to form a dispersion. The dispersion
was then rotovaped to partially remove IPA and concentrate
the dispersion to some extent. Subsequently, a volume of
propylene glycol (“PG”) was added to the concentrated
dispersion and the resulting mixture was sonicated. The
sonicated mixture was then placed in the rotavap to further
remove IPA until no further condensation observed, to form
a base paste. It is noted that completely removing IPA from
the Si dispersion system is not practically possible by
rotavap and small residue of IPA definitely can stay. Unless
specified, the base pastes were prepared based on the same
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starting ratio of Si/IPA. Thus, small portion of IPA residue
in final pastes is not listed as a component or a variable for
discussion.

Subsequently, a mixture was formed by adding a non-
Newtonian viscous polycyclic alcohol (VPA) to the base
paste at a weight ratio 1-7 parts VPA to 1 parts base paste and
the mixture was homogenized using a mechanical mixer
(Thinky USA, Inc., California). The VPA was obtained from
a commercial supplier in purified form. The homogenized
mixture was then placed in a sample jar for testing.

To demonstrate purity, a paste sample was formed as
described above with a weight ratio of 2 parts VPA to 1 part
base paste. The paste sample and VPA used to form the paste
sample were then analyzed using inductively couple plasma-
mass spectrometry (ICP-MS) to measure the metal concen-
trations therein. Table 1 displays the metal concentrations in
parts per billion (ppb) by weight.

TABLE 1

ICP-MS Metal Impurity (ppb)

Detection In Detection In

Elements Limit VPA Limit Paste
Al 2 5.4 0.5 2.8
Sb 0.5 <0.5
As 1 <1
Ba 0.5 0.52 0.1 <0.1
Be 2 <2 0.5 <0.5
Bi 2 <2 0.5 <0.5
B 1 3.0
Ccd 0.5 <0.5 0.1 <0.1
Ca 5 10 1 48
Cr 5 <3 0.5 21
Co 2 <2 0.1 <0.1
Cu 2 <2 0.5 <0.5
Ga 0.5 <0.5 0.1 1.8
Ge 0.5 1.7
Au 1 <1
Fe 5 <3 1 10
Pb 1 <1 0.5 <0.5
Li 1 <1 0.5 <0.5
Mg 2 <2 0.5 9.0
Mn 1 <1 0.5 0.67
Mo 1 <1 0.5 <0.5
Ni 2 <2 0.5 <0.5
Nb 0.5 <0.5
P 10 1,400,000
K 5 <3 1 24
Ag 0.5 <0.5
Na 5 <3 1 22
Sr 0.5 <0.5 0.1 <0.1
Ta 0.5 <0.5
Tl 1 <1 0.5 <0.5
Sn 2 <2 0.5 <0.5
Ti 2 <2 0.5 2.8
v 0.5 <0.5
Zn 2 <2 0.5 42
Zr 2 <2 0.1 1.1

Table 1 demonstrates VPA has low metal contamination
with a 10 ppb measurement for Ca being the largest and
most other metals are under 2 ppb level. All measured
transition metals were below the detection limit. Similarly,
the impurity data of processed Si nanoparticle paste with
VPA shows that majority metals have less than 2 ppb and the
highest concentration is from Ca 48 ppb. The largest tran-
sition metal contamination concentration was zinc at 42 ppb,
and iron was at 10 ppb. Overall, the paste impurity level is
low.



US 9,475,695 B2

41
Example 2

Rheology and Printing Performance of Silicon
Nanoparticle Pastes

This Example demonstrates the effect of paste character-
istics on paste rheology and the printing performance of
nanoparticle pastes. With respect to paste characteristics,
this Example demonstrates the effects of solvent type, sol-
vent composition, and nanoparticle concentration on the
rheology of nanoparticle pastes.

For these paste formulations, metal contamination levels
for the pastes are presented in Table 2.

TABLE 2

Concentration Phosphorous 2xP Boron 1xB

in ppb 64-G00 67-10-1 64-G00 65-G00  67-1
Chromium 2.3 0.76 14 1.0 1.2
Copper 0.98 1.1 <0.5 <0.5 <0.5
Iron 9.5 3.0 5.0 6.3 5.6
Lead <0.5 <0.5 <0.5 <0.5 <0.5
Molybdenum <0.5 <0.5 0.63 0.61 <0.5
Nickel 1.6 1.1 1.9 2.2 <0.5
Titanium 0.71 1.9 3.2 3.7 1.1
Zinc 13 35 53 32 44
Calcium 17 50 20 21 33
Magnesium 2.1 14 2.7 3.0 10
Potassium 12 35 13 10 7.3
Sodium 18 37 12 10 7.6
Aluminum 1.8 5.5 4.8 3.7 2.2

Effect of Paste Composition on Rheology

All the rheology measurements were performed using a
rheometer (Brookfield R/S-CPS+) at a temperature of 25° C.
over a range of shear rate of (0 s™" to at least 1800 s™!) except
for pure VPA sample. The pure VPA sample was measured
using the same equipment but at higher temperature 40° C.
to reduce the viscosity to allow available spindle to be used.

To demonstrate the effect of solvent composition on the
rheology of nanoparticle pastes, the rheology of the pure
solvent first investigated. Rheological measurements on the
solvents showed that propylene glycol and terpineol were
Newtonian over the range of shear rates tested and had
viscosities of 0.049 Pascal-seconds (Pa‘s) and 0.037 Pas,
respectively. On the other hand, the rheological measure-
ments on VPA showed the solvent to be non-Newtonian, i.e.
with a shear dependent viscosity, specifically shear thinning.
The room temperature viscosity of the VPA was believed to
be roughly 50-90 Pa-s. FIG. 3 is a plot of viscosity versus
shear rate for VPA. Additionally, the viscosities of VPA
where significantly higher than viscosities of propylene
glycol and terpineol over the range shear rates tested.

To demonstrate the effect of adding silicon nanoparticles
to the solvents, 5 paste samples (samples 1-5) were formed
with phosphorous doped nanoparticles as described in
Example 1. Samples 1 and 2 where formed with VPA as
described above. Sample 1 was formed 66.7 wt % VPA
relative to paste weight. Paste sample 2 was formed with
83.1 wt % VPA relative to the paste weight. Besides different
VPA concentration, these two samples also have different Si
nanoparticle concentration (5 wt % in sample 1 and 1.9 wt
% in sample 2) and propylene glycol concentration (28.3 wt
% in sample 1 and 15 wt % in sample 2). Samples 3-5 pastes
were formed similarly as above described method but with
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modification. In particular, samples 3 and 4 were formed
without VPA and comprised only propylene glycol as a
solvent. Similarly, sample 5 was also formed without VPA
but comprised terpineol as a solvent. Sample 3 comprised 5
wt % silicon nanoparticles and samples 4 and 5 comprised
15 wt % silicon nanoparticles. After formation, the rheo-
logical characters of the samples were measured.

FIG. 4 is a graph displaying plots of viscosity versus shear
rate for samples 3-5. The plots demonstrate that, for the
samples tested, the addition of silicon nanoparticles to the
solvent can significantly affect the rheology of the resulting
pastes, relative to the corresponding pure solvents. In par-
ticular, the paste samples comprising only propylene glycol
or terpineol solvents (samples 3-5) were non-Newtonian, in
contrast with the pure solvent measurements. FIG. 4 indi-
cates that the paste samples were non-Newtonian. Notably,
the addition of the silicon particles the propylene glycol and
terpineol solvents to form paste samples 3 and 4 and paste
sample 5, respectively, qualitatively changed the rheology of
the corresponding Newtonian solvents.

Furthermore comparison of the viscosities of samples 3
and 4 displayed in FIG. 4 demonstrates that for the samples
tested, increased nanoparticle concentration resulted in a
greater change in rheology relative to the corresponding
pure solvent. In particular, the viscosity of sample 3 (5 wt %
nanoparticles) was significantly shear dependent viscosity
below shear rates of about 200 s™. Above about 200 s™*, the
viscosity was only weakly dependent on shear rate and
relatively quickly approached the viscosity of pure propyl-
ene glycol. On the other hand, the viscosity of sample 4 (15
wt % nanoparticles) was significantly dependent on shear
rate over the entire range tested, and the viscosities were also
significantly increased relative to pure propylene glycol over
the tested range of shear rates. Comparison of the viscosities
of samples 4 and 5 in FIG. 4 demonstrates that the paste
comprising propylene glycol solvent (sample 4) had slightly
increased viscosities over the range of tested shear rates
relative to the paste comprising terpineol solvent (sample 5).
These results are consistent with the viscosities of the
corresponding pure solvents above.

FIGS. 5 and 6 are plots of viscosity versus shear rate for
samples 1 and 2 (both comprising propylene glycol and
VPA). Comparison of FIG. 3 with FIGS. 5 and 6 demon-
strates the addition of nanoparticles and propylene glycol to
the VPA can significantly change the rheology of the cor-
responding paste. In particular, FIGS. 5 and 6 show that
samples 1 and 2 had significantly lower viscosities over the
tested range of shear rates and the shear dependent viscosi-
ties were also qualitatively different behavior relative to pure
VPA. Comparison between FIGS. 5 and 6 demonstrate the
rheology of the samples could be adjusted by changing the
ratio of paste components alone.

Similar formulations were made with boron doped paste
at boron concentrations from 2-4 atomic percent, and the
doped nanoparticles were produced as described in Example
1 for the phosphorous doped nanoparticles. Seven pastes
were formed with selected solvent formulations and particle
concentrations. Viscosities were measured at shear rates of
150 s7*. The results are presented in Table 3. These results
again demonstrate the ability to form desirable paste for-
mulations with boron doped particles and VPA.
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TABLE 3
Ethyl Propylene Measured TGA
Si Cellulose  Terpineol  Glycol VPA Viscosity at ~ Measured
Sample Type (wt%)  (wt %) (wt %) (Wt%) (Wt %) 150s!(PaS) Si(wt %)
B-1 P++  5.00% 5.00% 60% 30% 0 5.62 6.31
B-2 P++  5.00% 0 0% 30% 65% 0.56 6.1
B-3 P++ 2.5% 0 0% 17.5% 80% 1.37 3.02
B-4 P++ 33 0 0 18.7% 78% 1.17 4.3
B-5 P++ 2.5% 0 14.2% 3.3% 80% 35 2.46
B-6 P++  2.0% 0 23% 0% 75% 3.36 2.05
B-7 P++  2.0% 0 33% 0% 65% 1.49 2.09

Screen Printing Performance of Si Nanoparticle Pastes—P
Doped

The non-VPA containing pastes including samples 3-5,
even with 15% of Si, the viscosity was too low at high shear
rate (e.g. 1000-1800/s) to avoid significant spreading. In
addition, PG and TP only base pastes both clogged screen
even with 5% Si. To demonstrate printing performance of
VPA containing paste samples, two VPA containing paste
samples (paste samples 6 and 1) were formed as described
above. In particular, paste sample 6 comprised 50 wt %
VPA, 42.5 wt % PG, and 7.5 wt % Si relative to the paste
whereas sample 1 as described above had 66.7% VPA. Paste
samples 1 and 6 were then screen printed (HMI semi
automatic screen printer) onto texturized, p-doped silicon
wafer substrates to form lines having a target width of 200
pm and 300 um, and dots having target diameter of 200 pm.
Following screen printing, the screen printed paste was
cured by heating the printed substrate in a stepwise process
to 250° C. in air for 5 min. The cured wafer samples were
labeled as sample 1-250a and sample 6-250a, which were
printed from paste sample 1 and sample 6, respectively.
Optical microscopy was used for printed feature character-
ization.

FIG. 7 left and right columns are composites of optical
microscopy images of printed films following curing from
sample 6-250a and 1-250a, respectively. The top, middle and
bottom panels show the printed line having a target width of
200 pm, the printed dot having a target diameter of 200 um
and the printed line having a target width of 300 pm,
respectively. Generally, comparison of the images from
these two samples demonstrates that paste sample 1 with
increased VPA concentration had improved printing perfor-
mance with respect to limiting of spreading for 200 pm
structures and similar printing performance for 300 um
structures, relative to paste sample 6 having a lower VPA
concentration. In particular, comparison of the top panels of
FIG. 7 shows that for the lines printed with a target width of
200 pm, the line printed with paste sample 6 (50 wt % VPA)
had a maximum width of 250 pm while the line printed with
sample 1 (66.7 wt % VPA) had a maximum width of 230 um.
Similarly, comparison of the middle panels of FIG. 7 shows
that for the dots printed with a target diameter of 200 m, the
dot printed with sample 6 had a maximum diameter of 215
um and the dot printed with sample 1 had a maximum
diameter of 200 um. With respect to the 300 um structures,
comparison of the bottom panels of FIG. 7 shows that for the
lines printed with a target diameter of 300 um, the lines
printed with paste samples 6 and 1 both had a maximum
width of 320 um. In any case, all samples screen printed with
VPA containing pastes had good screen printing perfor-
mance.

To demonstrate the physical characteristics of the printed
paste layers, in addition to paste sample 1, samples 7, 8, and
9 were also formulated. Sample 7 had the same Si and PG
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percentages as sample 1 except that it had 66.7 wt % of
polymer ethyl cellulose (EC) instead of VPA. Si nanopar-
ticle pastes formed with ethyl cellulose are described further
in the 831 application cited above. Sample 8 was similar to
sample 1 but with different ratio of components, in particular
a lower concentration of nanoparticles, to achieve lower
thickness of 250 nanometers (nm). In addition, the formu-
lation of samples 1, 7 and 8 was also targeted at limiting the
spreading of printed 200 pm line to 15%. Sample 9 was
spin-coatable Si nanoparticle ink in IPA solvent/dispersant,
which was prepared using the initial dispersion step of paste
formation as described in Example 1. It was formulated to
achieve 250 nm thick film under an appropriate spin-coating
condition. After samples 1, 7, and 8 were screen-printed, and
sample 9 was spin-coated on the same type of textured
p-wafers, all the wafers were then cured for 5 min. at an
elevated temperature of 540° C. in N, to remove organic
residues. The cured film characteristics of the spin on
coatings were similar to the characteristics of the deposits
formed with the screen printing pastes with the VPA, which
can be desirable for some applications of the pastes. Adding
small amounts of VPA can be added to the spin coating inks
to control the viscosity, and the VPA would not be expected
to negatively influence the properties of the corresponding
coatings.

The cured samples are labeled as samples 1-540n, 7-540n,
8-540n, and 9-540n, corresponding to paste samples 1, 7, 8,
and ink sample 9, respectively. It should be mentioned that
the removal of organic chemicals in the films made from
samples 1, 8, and 9 in fact does not necessarily require high
temperature 540° C. due to relatively low boiling-point
nature of the alcohols (IPA, PG, and VPA) in these samples.
The selection of 540° C. was only based on the consideration
of EC removal. Nevertheless, one more wafer (sample
1-250n) was printed from sample 1 and cured at lower
temperature 250° C. in N, for 5 min to demonstrate possi-
bility of low-temperature curing. Scanning electron micros-
copy (SEM) images of cross sections and top views of cured
films were obtained.

FIG. 8 top, middle, and bottom rows are SEM images of
the wafer samples 1-250n, 1-540n and 7-540n, respectively.
Comparison of images of samples 1-250n and 1-540n,
similar structure was observed. In particular, cross-section
thicknesses of 653 nm (sample 1-250n) and 633 nm (sample
1-540n) are considered the same within uniformity and
measurement error and top-view surface morphology also
qualitatively reflects the similar level of density. More
characterizations and comparisons will be exemplified to
demonstrate the possibility of low temperature curing with-
out compromising diffusion capability and electric proper-
ties in Example 3.

Further comparison of sample 1-540n and 7-540n shows
that although prints from paste sample 1 and paste sample 7
had similar edge definition (<15% spreading, images are not
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shown), printed paste sample comprising VPA (paste sample
1) had a smaller thickness (633 nm) relative to the printed
paste sample comprising ethyl cellulose (paste sample 7),
1.39 um. Moreover, comparison of top-view images of these
two samples indicates printed feature based on paste sample
1 had relatively denser or less porous film than the one
printed from paste sample 7. The different thickness and
porosity results are mainly due to the significantly different
chemistry nature of EC and VPA. For example, EC has
polymer nature with large molecular weight and high burn-
ing-off temperature whereas VPA has smaller molecular size
possessing general alcohol characteristics and easier to be
removed. Thus, the quality of Si dispersion and binder/Si
mixing in the paste could be substantially affected by
different properties of these two binders.

More experiments were carried out to explore the advan-
tages of VPA. FIG. 9, top and bottom rows are SEM images
from samples 8-540n and 9-540n, respectively. Comparison
of FIG. 9 images shows that both samples have films with
quantitatively compatible thickness and qualitatively similar
density. It is also noted that attempted formulations of
polymer EC based paste have not met above properties of
both low thickness and <15% of spreading requirement, or
both high density and <15% of spreading requirement. It is
expected that the spin-coating quality of nanoparticle inks
comprising VPA can provide several advantages including
increased particle packing density, reduced film thickness,
lowered surface roughness, and reduced film defects.
Screen Printing Performance of Si Nanoparticle Pastes—B
Doped

Screen printer pastes formed with VPA and boron doped
silicon nanoparticles as described above were screen printed
to evaluate the printing results. The screen printing pastes
were printed as 350 micron width line (FIG. 10) and 200
micron width lines (FIGS. 11-13). Optical micrographs are
shown for three printed lines with an average width of 350
micron (FIG. 10), 200 micron (FIG. 1), 225 micron, (FIG.
12), and 198 micron (FIG. 13). All of the inks demonstrated
good printing properties.

To evaluate the uniformity of the lines, cross sectional
micrographs were obtained for thickness variation measure-
ments with different locations for a sample with an average
thickness of 250 nm. Referring to FIGS. 14-16 showing
thicknesses of 251 nm (FIG. 14), 549 nm (FIG. 15) and
ranges from 103 nm to 178 nm (FIG. 16). This gives the
range of thickness for this value of average thickness for
substrates having the flatness used to obtain the measure-
ments.

For these pastes, there was no noticeable spreading for
200 micron width lines and less than 15% width increase of
the printed line relative to the screen. Thickness variation
can be further improved upon adjustment of the ink formu-
lations.

To further test the printing properties, crossing lines of
phosphorous doped paste and boron doped paste was per-
formed. Sequentially printed crossing lines of phosphorous
doped paste followed by boron doped paste are shown in
FIG. 17. The crossing line printing exaggerates printing
complexity. Some loss of material was observed upon sub-
sequent printing at screen/wafer valleys.

Example 3

Dopant Drive-In Performance of Silicon
Nanoparticle Pastes with VPA

This Example demonstrates the dopant drive-in perfor-
mance of doped silicon nanoparticles pastes comprising
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VPA in which the dopant is driven into a silicon wafer
surface. Dopant drive-in performance was demonstrated in
terms of sheet resistance and substrate concentration pro-
files, following dopant drive-in.

To demonstrate doping performance, four wafers were
screen printed from paste sample 1 onto textured, HF
cleaned, n-type Si substrates, and the printed samples were
cured in an oven at 250° C. or 540° C. in an air or nitrogen
atmosphere for 5 min. Samples 1-250a, 1-250n, 1-540a, and
1-540n were prepared with 250° C. air, 250° C. nitrogen,
540° C. air, and 540° C. nitrogen curing conditions, respec-
tively. Dopant drive-in was then performed by heating the
coated wafers in a diffusion furnace at 1000° C. for 1 hour
under a nitrogen atmosphere to form the final wafer samples,
which were labeled as samples 1-250ad, 1-250nd, 1-540ad,
and 1-540nd originated from samples 1-250a, 1-250n,
1-540a, and 1-540n, respectively. Dopant drive-in was per-
formed using a Neytech Qex furnace. It is noted that
although the furnace was supplied with continuous flow of
N,, it was not 100% O, free due to the design of the furnace.
Thus, all the samples were subjected to the same low-level
of oxidation during drive-in. The percentage O, was not
quantified but it should not affect the relative comparison of
this study.

During drive-in all coated wafers were assembled in a
double wafer stack configuration (DWS). In the DWS con-
figuration, one wafer without film (bare wafer) used as cover
was stacked on top of a coated wafer in such a way that the
paste layer of each wafer was in contact with the bare wafer.
Both stacked wafers (coated and non-coated) were then
secured by being sandwiched between two relatively heavy
quartz plates. Subsequently, after dopant drive-in, the nano-
particle layer on the wafer samples were removed using
buffered oxide etch (BOE). It should be noted that the exact
original wafer surface cannot be practically exposed by
etching process because certain thickness of Si film has to be
retained to avoid accidental over-etch of underneath doped
layer, which should be part of wafer substrate. The sheet
resistances of the wafer samples were measured using a four
point probe (4PP). All sampling points of 4PP measurement
were uniformly taken within 1.5-inch diameter circular area
located in the center region of wafers. For each sample, at
least five measurements were made on each side of the
wafer: film side and corresponding non-film side (back
side). The same method was also used for bare wafer sheet
resistance measurements. The wafer surface doping concen-
tration and doping depth profile were measured by Second
Ion Mass Spectrometry (SIMS).

Table 4 displays the sheet resistances (Rsh) and dopant
drive-in processing parameters for the wafer samples. The
data in the Table were collected from measuring film-side of
the wafers. The Table demonstrates that wafers printed with
VPA involved doped Si nanoparticle pastes can be doped
with appropriate thermal treatment conditions. In general,
the doping capability of the paste indicated by Rsh values
shows several characteristics. Firstly, the doping capability
is curing atmosphere dependent. In particular, both samples
cured at 250° C. and 540° C. in nitrogen (sample 1-250nd
and 1-540nd) had much lower Rsh values than samples
cured in air (sample 1-250ad and 1-540ad). For example,
sample 1-250ad had a Rsh of 121.4 ohm/sq, which is almost
double of the value of sample 1-250nd (71.3 ohm/sq).
Secondly, the doping capability also shows curing tempera-
ture dependency for samples cured in air. In particular,
sample 1-250ad cured in air at 250° C. had a Rsh value of
121.4 ohm/sq, which is almost half of the Rsh (207.7
ohm/sq) of sample 1-540ad cured in air at 540° C. Most of
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the film area of sample 1-540ad even covered by bare wafer
including the center of the film had much more oxidation
than sample 1-250ad (data not shown). Because the oxida-
tion contribution during drive-in step was limited and fixed
for all the samples, the extra oxidation in sample 1-540ad
can be caused during curing step due to increased tempera-
ture. Above doping properties reveal the important role of
oxygen in the final doping capability of silicon paste. The
exact reasons and mechanism for the oxygen impact are
under investigation. Also, the doping capability does not
show noticeable curing temperature dependency for samples
cured in nitrogen. In particular, sample 1-540nd, which was
cured at 540° C. in N, had a compatible Rsh (73 ohm/sq) as
that of sample 1-250nd, which was cured at 250° C. in N,.

Overall, VPA based Si paste shows similar curing condi-
tion dependency of Rsh as what EC based Si paste does
except the last character, where in contrary, EC based Si
paste showed curing temperature dependency of Rsh in
nitrogen. The difference could be understood based on
different thermal behaviors of polymer EC and solvent VPA.
The thermal removal of EC is mainly driven by the depo-
lymerization and oxidation based decomposition mechanism
while the removal process of VPA is molecule evaporation
driven. Thus, lower temperature cure especially in N, could
cause more EC and/or carbon residue in the sample, which
became difficult to be removed even at drive-in temperature
due to DSW configuration induced sealing effect. The poly-
mer associated residues could eventually have negative
impact on dopant drive-in property. In contrast, for VPA
involved Si paste, because VPA can evaporate at relatively
lower temperature, residue of VPA including carbon can be
negligible. Unless there is Si oxidation issue, the curing
temperature dependency of Rsh thus can be neglected. In
addition to DSW method, more diffusion experiments are
being carried out including method of utilizing amorphous
Si for further evaluation of Si/VPA paste samples.
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displayed in FIG. 18, both samples showed typical doping
curves with slightly more diffusion in sample 1-540ad,
which although did not show lower Rsh. In addition, both
samples had similar doping depth, which is less than 0.5
microns. The diffusion profile data further confirms that
drive-in behavior is not curing temperature dependency if
samples are cured in N,.

Example 4

Effects of Dopant Drive-In on Silicon Nanoparticle
Pastes

This Example demonstrates the effects of dopant drive-in
on the structure and composition of silicon nanoparticle
pastes comprising VA.

To demonstrate the effects of dopant drive-in on the
structure and composition of nanoparticle pastes, 4 wafer
samples from above experiments (1-250n, 1-540n, 1-250nd,
and 1-540nd) were used for further analysis. The wafer
samples 1-250nd and 1-540nd were formed respectively
from samples 1-250n and 1-540n followed dopant diffusion.
For reference purpose, the wafer samples 1-250n and 1-540n
were again prepared as previously described. After prepa-
ration, all the film samples were not BOE wet-etched and
particle film layers were retained for characterization. Scan-
ning electron microscopy (SEM) and X-ray Photoelectron
Spectroscopy (XPS) were performed to characterize struc-
ture and composition of these samples. Before data collec-
tion, the particle film layer was dry-etched in XPS vacuum
chamber to remove the very top layer of the film. In
particular. Ar plasma with energy of 2 keV was applied for
1-min etching to remove a thin layer (<1 nm) so that impact
of post-experimental contamination of O and C was
reduced. Therefore, the surface composition of Si particles
located within top layers of Si particulate film was analysis.

TABLE 4
Sample Sample Sample Sample
Film ID 1-540ad 1-250ad 1-540nd 1-250nd
Paste Sample 1 (P-doped Si paste)
Substrate n-Type Si wafer
Curing Parameters 540° C. x Smin  250° C. x S5min 540° C. x 5min  250° C. x 5 min
Air Air N, N,
Drive-In Parameters 1000° C. x 1 hr in N, with Neytech Qex furnace
DWS Wafer Film Top Film Top Film Top Film Top
Configuration Center Bare Center Bare Center Bare Center Bare
Wafer Wafer Wafer Wafer
4PP (ohm) 47 58 28 21 16 18 16 17
47 65 29 29 17 18 16 17
47 56 27 25 16 19 16 17
50 53 26 26 17 17 17 17
45 64 28 29 17 18 16 18
4PP average (ohm) 47.2 59.2 27.6 26 16.6 18 16.2 17.2
4PP standard 1.8 5.2 1.1 3.3 0.5 0.7 0.4 0.4
deviation
Rsh (ohm/sq) 207.7  260.5 1214 114.4 73 79.2 71.3 75.7

FIG. 18 is SIMS graph showing plots of phosphorous
concentration (dopant profile) versus depth from the silicon
wafer surface for wafer samples 1-250nd and 1-540nd. As
mentioned above, due to the difficulty to pin-point the exact
original wafer surface, only rough estimation based on
dopant concentration change was applied for determination
of' doping depth and wafer surface dopant concentration. The
surface resistance of wafer samples 1-250nd and 1-540nd
were both about 70 ohm/sq., as measured using a four point
probe shown in Table 4. Referring to the dopant profiles
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FIG. 19 top and bottom rows are composites of SEM
cross-section and top-view images of wafer samples
1-250nd and 1-540nd, respectively, obtained after dopant
drive-in. Comparison of images of sample 1-250n (FIG. 8)
and sample 1-250nd (FIG. 19) or sample 1-540n (FIG. 8)
and sample 1-540nd (FIG. 19) does not reveal significant
difference of film thickness and porosity after high-tempera-
ture drive-in process. Although sample 1-250nd slightly had
thickness reduction (~50 nm) compared with sample
1-250n, the difference can be neglected within the unifor-
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mity variation (reference: one Si particle is 20 nm). How-
ever, more characterizations including high-resolution trans-
mission electron microscopy are being carried out to reveal
other possible film structure difference such as change of Si
particle size and interface morphology between particle
layer and wafer substrate. Interestingly, comparison between
images of samples 1-250nd and 1-540nd in FIG. 19 does not
show curing temperature impact on Si particulate films,
which is consistent with the results in the previous examples.
In particular, from cross-section images, two samples had
similar thickness 600 nm (sample 1-250nd) and 626 nm
(sample 1-540n), within uniformity and measurement error.
Similarly, top-view images also do not show much differ-
ence of top morphology and film porosity. The results are
likely attributed by the easiness of VPA removal meaning
majority of VPA can be removed at low temperature such as
250° C. From this aspect, curing at higher temperature such
as 540° C. is unnecessary.

TABLE 5

Sample 1-250nd Sample 1-540nd

Line and BE AC BE AC
Line Assignment (eV) (at %) (eV) (at %)
Cls Si—C 283.6 2.09 283.6 2.09
C—C,H 285.2 2.02 285.1 2.07
c—0 286.9 0.61 286.8 0.64
O 1s Si—O 533.1 40.45 533.0 38.5
Si2p3/2  Si 99.8 30.83 99.8 32.8
Si—C, P, N 100.7 3.08 100.7 4.54
Si—O 102.0 431 102.1 4.6
Si02 103.8 15.96 103.8 14.31
P 2p3/2 Si—P, P(0) 129.4 0.65 129.4 0.44

Table 5 has the XPS results displaying the main composition
of nanoparticle layers. In the Table, “BE” refers to the
binding energy and “AC” refers element atomic percentage.
Comparison of sample 1-250nd and 1-540nd shows that for
the wafer samples tested, total carbon concentration of
nanoparticles layers is relatively independent of cure tem-
perature. In particular, both sample 1-250nd (250° C. cure in
N, plus drive-in) and sample 1-540nd (540° C. cure in N,
plus drive-in) had carbon concentration on Si nanoparticle
surface about 4 at %. Similarly, data from O(1 s) and Si(2 p)
also shows independence of curing temperature within
experimental error. It is noted that P concentration in sample
1-250nd (0.65 at %) is slightly higher than that in sample
1-540nd (0.44 at %). The difference is consistent with SIMS
data shown in FIG. 18, which showed sample 1-540nd had
slightly more dopant on the wafer surface. Nevertheless,
similar Rsh values were achieved from these two samples.

Example 5

Dopant Drive-In Performance of Silicon
Nanoparticle Pastes with VPA with Capping Layers

This Example demonstrates the doping performance of
VPA inks with an amorphous silicon capping layer.

To demonstrate dopant drive in performance, coated
wafers were prepared with capping layers. Doped silicon
nanoparticle pastes were prepared as described above in
Example 1 with both phosphorous and boron dopants. Two
different ink types were tested. A first ink type (“Type ) and
a second ink type (“Type II”’) were specifically formulated
for print performance with an average thickness of roughly
300 nm to 500 nm with the Type I ink comprising somewhat
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lower nanoparticle concentration with a phosphorous or
boron dopant. The Type 1 ink consisted of 80 wt % VPA,
17.5 wt % PG, and 2.5 wt % doped silicon nanoparticles
relative to the paste. The Type II ink consisted of 65 wt %
VPA, 30 wt % PG and 5 wt % doped silicon nanoparticles
relative to the paste. The Type I and Type II pastes had
viscosities of 1.37 Pa-S and 0.56 Pa-S at 150 s~!, respec-
tively. The silicon nanoparticles had an average primary
particle diameter of about 20 nm and 2 to 4 atomic percent
dopant. The inks were screen print on silicon wafer sub-
strates, and the ink layers were then cured by heating the ink
coated wafers in an oven in an air or nitrogen atmosphere at
400° C. for 5 minutes. The thickness of the ink layers were
estimated by using screen print recipes known to produce
ink layers with the target thicknesses as measured using a
profilometer (a-Step™ 300, KLA Tencore) and SEM. In
particular, in order to obtain thickness measurements, a
given ink recipe was used to form a dried ink layer on a
polished wafer substrate. A stylus in contact with the dried
ink layer was then scanned horizontally over a distance of
about 0.5 mm to about 1 mm on the dried ink layer and the
vertical displacement of the stylus was recorded. A scribe
was performed to create a step.

Following drying, for some samples, an amorphous sili-
con capping layer was deposited on the dried ink layers
using low pressure chemical vapor deposition (LPCVD).
LPCVD was used to deposit an amorphous silicon matrix
around the particles in the ink layers of ink coated substrates.
The LPCVD process was performed at a commercial vendor
and comprised depositing amorphous silicon on the surface
of the ink coated substrate under an atmosphere of silane at
flow rate of 150 standard cubic centimeters per minute
(scem) and 200 mTorr pressure in a horizontal quartz tube
furnace at a temperature of 525° C. for 90 min. Growth rate
of amorphous silicon in these conditions is approximately 1
nm/min, corresponding to 90 nm of amorphous silicon on
polished wafers and 80-100 nm on top of ink layer based on
cross section SEM. The amorphous silicon capping layers
were deposited to have a target thickness of 50 nm or 100 nm
on top of the ink layer. Deposition of the amorphous silicon
capping layer and subsequent processing is further described
in the 806 application cited above.

Sample wafers with an amorphous Si capping layer were
subjected to heating in an oven to perform dopant drive in
as described in Example 3. For boron doped inks, SEM
micrographs of cross sections of the wafers as well as SIMS
data of dopant drive in are shown in FIGS. 20-21 (Type I
ink) and 22-23 (Type II ink). Both inks formed a uniform
layer on the wafer surface, and some voids were present in
the fused films after the dopant drive in. The Type II inks
resulted in a decrease in carbon and an increase in dopant
drive in as well as a greater surface dopant concentration.
For phosphorous doped inks, SEM micrographs of cross
sections of the wafers as well as SIMS data of dopant drive
in for the Type II inks are shown in FIG. 24 (Type I ink) and
FIGS. 25-26 (Type II ink).

Sample wafers with boron doped inks and amorphous
silicon capping layers where subjected to dopant drive-in
under varying conditions with heating in an oven to test
resulting sheet resistance values. Nanoparticle inks had
either 2.5 wt percent nanoparticles (Type II ink) or 5 wt %
nanoparticles (Type III ink). The inks were processed as
generally described above in Example 3 except that the
wafers were not stacked. An initial bake at 400° C. was
performed either in air or under nitrogen, a capping layer of
50 nm or 100 nm was used, and anneal times at 1000° C.
were performed for 15 minutes or 60 minutes.
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Following dopant drive-in, Rsh measurements were
taken, as described in Example 3. The Rsh values were
measured at different locations along the surface. Sheet
resistances for films formed with the Type III inks obtained
with a 50 nm capping layer and 60 minute anneal times
generally had sheet resistances from roughly 33 ohm/sq to
36 ohm/sq. Results were obtained for the Type II inks over
a wider range of conditions. All of the films formed with the
Type 11 inks had sheet resistances from 48 ohm/sq. to 34
ohm/sq with no significant differences with films baked in
ambient air versus nitrogen, 100 nm cap versus 50 nm cap
or 15 min anneal versus 60 min anneal. Other samples for
comparison were subjected to the processing without the
initial heating step to condense the samples, although a three
minute bake at 85° C. was used to dry the sample. The sheet
resistances for these samples were from 66 ohms/sq to 83
ohms/sq, and the results were not particularly sensitive to the
time of the anneal step or the thickness of the amorphous
silicon cap.

The specific embodiments above are intended to be illus-
trative and not limiting. Additional embodiments are within
the broad concepts described herein. In addition, although
the present invention has been described with reference to
particular embodiments, those skilled in the art will recog-
nize that changes can be made in form and detail without
departing from the spirit and scope of the invention. Any
incorporation by reference of documents above is limited
such that no subject matter is incorporated that is contrary to
the explicit disclosure herein.

What is claimed is:

1. A nanoparticle ink comprising from about 0.001 weight
percent to about 30 weight percent silicon/germanium based
nanoparticles, at least about 10 weight percent of a viscous
polycyclic alcohol, wherein the viscous polycyclic alcohol
has a boiling point of no more than about 450° C. and
non-Newtonian rheology.

2. The nanoparticle ink of claim 1 wherein the viscous
polycyclic alcohol has 7-25 carbon atoms.

3. The nanoparticle ink of claim 1 wherein the viscous
polycyclic alcohol comprises a norbornyl bicyclo moiety.

4. The nanoparticle ink of claim 1 wherein the viscous
polycyclic alcohol is selected from the group consisting of
vinylnorbornyl alcohol, C-8 substituted 1,5-dimethyl-bicy-
clo[3.2.1]octane-8-0ls with ethyl, methyl, n-propyl, i-pro-
pyl, n-butyl, 1-methyl-propyl, 2-methyl-propyl, allyl,
n-hexyl, 3-methyl butyl, cyclopentyl or cyclohexyl substi-
tutions, isobornyl cyclohexane diol, trimethyl-2,2,3-norbor-
nyl-5-(-3-cyclohexanol-1), 3-(5,5,6 trimethyl bicyclo

5

10

15

20

25

30

40

45

52

[6.4.0.1]heptan-2-yl)cyclohexanol,
trimethyl-tricyclo[6.4.0.1%*[tridecane
thereof.

5. The nanoparticle ink of claim 1 further comprising no
more than about 0.1 weight percent polymer.

6. The nanoparticle ink of claim 1 further comprising no
more than about 100 ppb transition metal contamination.

7. The nanoparticle ink of claim I wherein the silicon/
germanium based nanoparticles comprise doped elemental
silicon nanoparticles having an average primary particle size
of no more than about 50 nm.

8. The nanoparticle ink of claim 1 comprising at least
about 0.5 weight percent elemental silicon nanoparticles and
having a viscosity of at least about 1 Pa-s at a shear of 2 s7*.

9. The nanoparticle ink of claim 1 wherein the nanopar-
ticles have a dopant level of at least about 0.5 atomic
percent.

10. The nanoparticle ink of claim 1 comprising vinylnor-
bornyl alcohol, C-8 substituted 1,5-dimethyl-bicyclo[3.2.1]
octane-8-ols with ethyl, methyl, n-propyl, i-propyl, n-butyl,
1-methyl-propyl, 2-methyl-propyl, allyl, n-hexyl, 3-methyl
butyl, cyclopentyl or cyclohexyl substitutions, isobornyl
cyclohexane diol, trimethyl-2,2,3-norbomyl-5-(-3-cyclo-
hexanol-1), 3-(5,5,6 trimethyl bicyclo[6.4.0.1]heptan-2-yl)
cyclohexanol, 11-hydroxy-2,13,13-trimethyl-tricyclo
[6.4.0.1*"]tridecane and combinations thereof and having a
transition metal contamination of no more than about 100
ppb.

11. The nanoparticle ink of claim 1 having from about 0.1
weight percent to about 20 weight percent silicon nanopar-
ticles.

12. The nanoparticle ink of claim I having from about 20
weight percent to about 80 weight percent polycyclic alco-
hol.

13. The nanoparticle ink of claim 1 having from about 30
weight percent to about 80 weight percent polycyclic alco-
hol.

14. The nanoparticle ink of claim 13 further comprising
terpineol.

15. The nanoparticle ink of claim 1 further comprising
terpineol.

16. The nanoparticle ink of claim 1 further comprising no
more than about 0.1 weight percent solvent boiling below
165° C.

17. The nanoparticle ink of claim 1 having a ratio of the
viscosity at a shear of 2 s~* to the viscosity at a shear of 1000
s™' from about 2.5 to about 50.

11-hydroxy-2,13,13-
and combinations

#* #* #* #* #*



